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Introduction: 

A  central  hypothesis  of  this  grant  proposal  is  that  tumors  can  be  eradicated  in  vivo  using  adoptive  transfer  of  tumor-specific 
T  cells.  However,  many  of  the  underlying  principles  of  adoptive  T  cell  therapy  are  not  well  understood.  This  grant 
describes  experiments  that  aim  to  elucidate  some  of  these  principles.  The  specific  aims  of  this  proposal  are  to,  (1) 
determine  the  immune  effector  arm  most  effective  in  the  eradication  of  rat  neu  overexpressing  tumors  in  neu-tg  mice  using 
adoptive  immunotherapy  of  rat  neu  specific  CD8+  and  CD4+  T  cells  and  (2)  determine  the  feasibility  of  the  expansion  of 
HER2  specific  CD4+  and  CD8+  T  cell  lines  from  patients  previously  immunized  with  a  HER2  peptide-based  vaccine. 

Body: 

1.  To  determine  the  immune  effector  arm  most  effective  in  the  eradication  of  rat  neu-overexnressine  tumors  in  neu-tg  mice 
using  adoptive  immunotherapy.  The  work  in  year  3  of  the  proposal  has  focused  further  on  generating  T  cells, 
characterizing  the  T  cells  ex  vivo,  and  infusing  them  into  animals  to  assess  an  anti-tumor  response.  In  general,  I  have 
confirmed  my  previous  findings  and  established  new  principles  for  adoptive  T  cell  therapy.  Mice  were  immunized  with 
peptides  derived  from  the  neu  protein  sequence  that  had  been  shown  to  be  immunogenic  and  to  generate  a  tumor  specific 
response.  In  my  previous  report,  I  had  shown  that  a  potent  immune  response  is  able  to  generate  antigen-loss  variants.  To 
further  enhance  the  adoptive  T  cell  therapy  model,  I  established  a  cell  line  from  this  antigen-loss  tumor.  After  several 
passages,  I  characterized  the  tumor  for  growth  in  neu-tg  and  the  parental  mice,  FVB/N,  The  in  vivo  growth  of  my  original 
neu+  MMC  cell  line  and  the  new  antigen-negative  variant  cell  line,  ANV,  is  shown  in  Fig.  1.  MMC  are  unable  to  grow  in 
parental  FVB/N  as  previously  reported  and  are  able  to  grow  in  neu-tg  mice  where  neu  is  a  self-antigen  (Fig.  1  A).  ANV,  in 
contrast,  lacks  neu  expression  and  is  able  to  grow  rapidly  in  both  FVB/N  and  neu-tg  mice  (Fig.  IB).  Also,  Figure  1C 
shows  that  for  the  MMC  tumor  cells,  neu  is  a  biologically  relevant  antigen  as  growth  of  the  tumor  cells  is  inhibited  by 
7.16.4.,  an  inhibitory  mouse  anti-neu  antibody.  In  contrast,  the  growth  of  ANV  was  unaffected  by  inclusion  of  the 
antibody. 

T  cell  lines  generated  against  neu-derived  CD4  helper  peptides  p781,  p932,  and  pi  166  were  tested  for  activity  against 
peptide  and  tumor  cell  lines  MMC  and  ANV  (Fig.  2).  Spleens  from  immunized  animals  were  removed  and  peptide- 
specific  T  cells  expanded  ex  vivo  using  BL-2.  Peptide-specific  T  cells  were  generated  against  all  3  neu  peptides  after  1  in 
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vitro  stimulation  (IVS)  (Fig.  1A).  Consistent  with  my  previous  studies,  the  peptide-specific  T  cells  were  able  to  recognize 
neu+  MMC  tumor  cells.  Specificity  of  the  T  cells  for  neu  peptides  was  confirmed  by  demonstrating  that  the  cells  were 
unable  to  recognize  the  ANV  cell  line  which  does  not  express  neu  (Fig.  1).  Previously  I  had  shown  that  peptide-specific  T 
cells  were  able  to  mediate  partial  inhibition  of  tumor  growth.  I  have  begun  to  question  how  this  effect  can  be  improved. 
Although  there  are  a  number  of  factors  that  should  be  considered,  one  possibility  is  that  the  cells  have  reduced  avidity 
compared  to  cells  from  animals  that  are  not  tolerized  against  neu.  If  this  were  the  case,  then  peptide-specific  T  cells 
derived  from  parental  FVB/N  may  have  better  tumor  inhibition.  I  examined  this  by  infusing  peptide-specific  T  cells  derived 
from  parental  FVB/N  and  compared  this  to  cell  lines  generated  from  the  tolerized  neu-tg  mouse  as  shown  in  Figure  3A. 
pi  166-specific  cells  lines  derived  from  neu-tg  demonstrated  a  similar  level  of  tumor  growth  inhibition  as  those  derived 
from  FVB/N,  Another  possibility  for  the  tumor  growth  inhibition  was  not  complete  was  the  generation  of  antigen-negative 
variants.  I  examined  this  by  staining  fresh  tumor  samples  with  neu-specific  monoclonal  antibody  and  assessing  the 
expression  of  neu  at  the  cell  surface  (Fig.  3B).  I  observed  that  tumors  still  retained  neu  expression  comparable  to  that  in 
control  animals.  It  is  possible,  however,  that  expression  of  pi  166  peptide  in  MHC  class  II  is  diminished  in  the  tumors. 
One  way  to  circumvent  this  problem  is  by  the  use  of  polyclonal  T  cell  lines.  Polyclonal  T  cell  lines  were  generated  in  vitro 
by  repetitive  restimulation  using  whole  irradiated  tumors.  These  T  cells  lines  were  intused  into  tumor  bearing  animals  and 
completely  inhibited  tumor  growth  with  a  single  infusion  (Fig.  4A).  These  polyclonal  lines  were  examined  by  ELIspot 
analysis  testing  for  both  IFN-y  and  IL-4  against  both  MMC  and  ANV  tumor  cell  lines  (Fig.  4B).  Polyclonal  T  cell  lines 
contained  high  levels  of  IFN-y  and  IL-4  responding  T  cells.  Of  those  that  produced  IFN-y,  the  vast  majority  recognized 
MMC,  with  a  smaller  fraction  (12%)  recognizing  ANV.  These  results  suggest  that  the  major  IFN-y  response  is  directed 
against  neu.  A  large  fraction  of  the  cells  also  secreted  IL-4  targeting  both  MMC  and  ANV.  Although  the  importance  of 
Thl  type  IFN-y-seereting  cells  for  anti-tumor  immunity  is  well  established,  the  role  of  DL-4-producing  Th2  cells  is  unclear. 
These  cells  may  be  involved  in  the  humoral  response  against  tumor.  I  have  found  in  preliminary  studies  that  tumor-bearing 
animals  generate  a  significant  humoral  response  against  multiple  antigens  including  a  185  kDa  protein  that  is  most  likely 
neu  (data  not  shown).  Alternatively,  IL-4-seereting  cells  may  represent  immunosuppressive  cells  which  could  interfere 
with  tumor  eradication.  I  have  began  to  explore  immunosuppression  as  a  mechanism  by  which  tumors  continue  to  grow 
despite  infusion  of  tumor-specific  T  cells.  I  evaluated  for  the  presence  of  CD4/CD25  regulatory  T  cells  (Tregs)  associated 
with  tumors.  To  do  this,  I  injected  tumor  into  the  peritoneal  space  and  after  10  days  harvested  ascites  fluid  associated  with 
the  tumor  (Fig.  5).  The  cells  were  examined  by  flow  cytometry  for  dual  expression  of  CD4  and  CD25.  Tregs  were 
associated  with  both  MMC  and  ANV  tumors  and  constituted  approximately  32%  and  61%  of  the  tumor-associated 
lymphocytes,  respectively.  These  results  suggest  that  one  potential  reason  that  T  cells  do  not  completely  prevent  tumors 
from  growing  is  the  presence  of  inhibitory  Tregs.  Since  my  interests  are  in  the  direct  application  of  adoptive  T  cell  therapy 
to  human  HER-2/neu-overexpressing  breast  cancer,  I  have  begun  to  alter  my  model  to  more  adequately  reflect  human 
breast  cancer.  Specifically,  patients  with  advanced  stage  HER-2/neu-overexpressing  breast  cancer  are  being  treated  with 
trastuzumab,  a  HER-2/neu  inhibitory  monoclonal  antibody.  I  have  identified  a  similar  monoclonal  antibody  active  in  the 
mouse  7.16.4.  This  antibody  when  infused  into  tumor-bearing  animals  is  able  to  inhibit  or  stall  progression  of  tumor 
similar  to  the  effects  of  trastuzumab  in  humans  (Fig.  6).  Studies  can  be  designed  to  use  T  cell  therapy  in  tumor-bearing 
animals  undergoing  monoclonal  antibody  therapy.  To  study  trafficking  of  T  cells  to  tumor  site,  I  have  also  developed  a 
protocol  for  labeling  that  does  not  impact  the  function  of  the  cells,  as  assessed  by  ELIspot  analysis,  for  at  least  48  hours 
after  labeling  (Fig.  7).  T  cell  lines  specific  for  neu  helper  peptide  p781  were  generated  as  described  in  Specific  Aim  1  and 
labeled  with  varying  concentrations  of  H1Indium-oxine  (0,  1,  3,  and  6  pCi/million  cells)  for  45  minutes.  The  cells  were 
then  examined  by  ELIspot  and  it  was  found  that  antigen-specific  T  cell  function  was  retained  at  all  the  doses  of  radiolabel 
used  when  compared  to  cells  without  label  (i,e,  zero  concentration  of  indium  on  the  graph)  (Fig.  7A).  I  also  examined 
whether  dose  of  radiolabel  affects  uptake  into  the  cells  (Fig.  7B).  It  was  observed  that  at  a  concentration  of  1  pCi  only 
about  30%  of  the  label  was  taken  up.  The  uptake  increased  as  a  function  of  dose  and  peaked  at  or  below  3  pCi  with  a 
maximal  uptake  of  the  added  dose. 

3.  To  determine  the  feasibility  of  the  expansion  of  HER2-snecific  CD4+  and  CD8+  T  cell  lines  from  patients  previously 
immunized  with  a  HER2  peptide-based  vaccine.  The  studies  in  this  funding  period  have  focused  on  the  use  of  CD3/CD28 
beads  for  rapid  expansion  following  antigen-specific  enrichment  (Fig.  8A).  This  method  successfully  induced  the  rapid 
expansion  of  T  cells  as  shown  in  Figure  8B.  Using  a  method  with  whole  CMV  antigen  and  IL-2  during  enrichment,  it  was 
observed  that  antigen  specificity  can  be  maintained  at  or  above  the  levels  measured  in  pre-expansion  cultures  (Fig.  9A). 
The  resulting  cells  can  be  added  back  to  autologous  PBMC  to  improve  antigen  specificity  (Fig  9B).  If  CMV  was  not 
present  in  the  cultures  during  enrichment,  CMV  antigen-specificity  drops  by  greater  than  65%  following  expansion  (data 
not  shown).  The  inclusion  of  various  cytokines  during  the  enrichment  phase  is  also  being  examined  based  on  my  previous 
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*  findings  studying  IL-12  and  IL-15.  I  observed  that  DL-12,  but  not  EL-15,  was  able  to  enhance  the  growth  rate  of  cells  during 
bead  stimulation  (Fig.  10A).  However,  the  inclusion  of  IL-15,  but  not  IL-12,  significantly  enriched  for  CD8  T  cells 
specific  for  an  MHC  class  I  binding  epitope  derived  from  the  flu  matrix  peptide  (Fig.  10B).  These  results  suggest  that  IL- 
'  15  may  be  a  cytokine  appropriate  for  expanding  CD8  T  cells.  I  am  currently  examining  the  effects  of  the  inclusion  of  IL- 
12  or  IL-15  on  expansion  of  CD4  T  helper  cells  using  helper  peptides  as  antigens.  My  preliminary  findings  suggest  that  IL- 
12  may  be  the  cytokine  of  choice  for  CD4  T  helper  cells  Based  on  my  findings,  our  group  have  written  a  clinical  trial  for 
the  infusion  of  T  cells  specific  for  HER2  which  has  been  approved  by  our  local  IRB  and  the  University  of  Washington 
Clinical  Research  Center.  Batch  records  and  standard  operating  procedures  are  currently  being  prepared  for  the  T  cell 
infusion  trial. 

Key  Research  Accomplishments: 

•  An  neu  antigen-negative  variant  tumor  cell  line  was  developed  to  enhance  the  breast  cancer  model  of  adoptive  T 
cell  therapy. 

•  T  cell  lines  can  be  established  using  3  different  helper  peptides  derived  from  rat  neu. 

•  Thl  T  cell  lines  specific  for  neu  oncoprotein  are  partially  effective  at  inhibiting  tumor  growth  in  neu-transgenic 
mice. 

•  Thl  T  cell  lines  derived  from  neu-tg  mice  are  equally  effective  as  lines  derived  from  the  parental  FVB/N  mice 
suggesting  similar  T  cell  avidity. 

•  Regulatory  T  cells  associate  with  tumor  which  may  reduce  the  efficacy  of  adoptive  T  cell  therapy. 

•  Monoclonal  antibody  therapy  was  adapted  to  the  model  to  reflect  the  current  clinical  setting  in  human  HER-2/neu- 
overexpressing  breast  cancer. 

•  Antigen-specificity  can  be  maintained  in  cells  expanded  non-specifically  with  anti-CD3/CD28  beads  when  an 
antigen-specific  enrichment  step  is  used  in  prior  to  expansion. 

•  Cytokines  such  as  IL-15  can  be  used  to  augment  low-level  antigen-specific  responses  during  ex  vivo  expansion. 

Reportable  outcomes: 

Publications:  (Published  or  submitted  pertaining  to  the  application  during  the  funding  period  (April,  2002-April,  2003)) 

1.  Knutson  KL  and  Disis  ML,  2002,  Clonal  diversity  of  the  T  cell  repertoire  responding  to  a  dominant  HLA-A2  epitope 
of  HER-2/neu  after  active  immunization  in  a  patient  with  ovarian  cancer.  Human  Immunology  63:547-57. 

2.  Knutson  KL,  Cunel  TJ,  Salazar  L,  and  Disis  ML,  2003,  Immunologic  Principles  and  Immunotherapeutic  Approaches 
in  Ovarian  Cancer,  Hematology/Oncology  Clinics  of  North  America.  Editors:  Holland  and  Disis,  WB  Saunders  (in 
press). 

3.  Disis  ML,  Knutson  KL,  Salazar  L,  Schiffman  K,  2003  Immunology  and  Immunotherapy,  Breast  Cancer  Lippman  (in 
press). 

4.  Knutson,  K.L.,  Bishop,  M.R.,  Schiffman,  K,  and  Disis,  M.L.:  Immunotherapy  of  Breast  Cancer.  Cancer 
Chemotherapy  and  Biologic  Response  Modifiers-  Annual  20.  Editors:  Giaccone,  Schilsky  and  Sondel;  Elsevier 
Science  (20:351-69),  2001. 

5.  Knutson  KL,  Almond  B,  Mankoff  DA,  Schiffmann  K,  and  Disis  ML,  2002,  Adoptive  T-cell  Therapy  for  the  Treatment 
of  Solid  Tumors.  Expert  Opinion  on  Biological  Therapy  2:55-66. 

6.  Bernhard  H,  Salazar  L,  Schiffman  K,  Smorlesi  A,  Schmidt  B,  Knutson  KL,  Disis  ML,  2002,  Active  immunization 
against  the  HER-2/neu  oncogenic  protein.  Endocrine-Related  Cancer  9:33-44. 

7.  Knutson  KL,  Almand  B,  Ahlquist  RM,  and  Disis  ML,  Neu-specific  antibody  therapy  results  the  generation  of  antigen- 
loss  variants  in  the  neu-transgenic  mouse  (Submitted). 

8.  Knutson  KL  and  Disis  ML,  IL-12  enhances  the  function  and  number  of  tumor  antigen-specific  Thl  lymphocytes  during 
ex  vivo  expansion  (Submitted). 

9.  Knutson,  KL,  Smorlesi,  A,  and  Disis,  ML,  A  Murine  Neu-Transgenic  (neu-tg)  Breast  Cancer  Tumor  Cell  Line 
Established  In  Vitro,  Expresses  Class  I  and  II  MHC  and  Retains  Expression  In  Vivo.  (Submitted). 

10.  Almand,  BA,  Ahlquist,  RM,  Mankoff,  DA,  Disis,  ML,  and  Knutson  KL,  2002,  Application  of  imaging  approaches  to 
the  monitoring  of  targeted  therapies  for  breast  cancer.  Proc.  AACR  44:871  (Abstract  #3807). 

11.  Knutson  KL,  Ahlquist  RM,  Almand,  BA,  and  Disis,  ML,  2002,  Identification  of  helper  peptides  of  rat  neu  that  can 
mediate  partial  therapeutic  anti-tumor  responses  in  tumor-bearing  neu-transgenic  mice.  Proc.  AACR  44:873  (Abstract 
#3818). 
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12.  Almand,  BA,  Ahlquist,  RM,  Disis,  ML,  and  Knutson  KL,  2002,  Neu-specific  antibody  therapy  results  in  tumor 
inhibition  without  receptor  down-modulation  in  the  neu-transgenic  mouse.  Proc.  AACR  44:874  (Abstract  #3819). 

13.  Disis  ML,  Faith  M.  Shiota,  and  Douglas  G.  McNeel,  Knutson  KL,  2003,  Soluble  Cytokines  Can  Act  as  Effective 
Adjuvants  in  Plasmid  DNA  Vaccines  Targeting  Self  Tumor  Antigens.  Immunobiology  207:1-8. 

14.  Salazar  LG,  Fikes  J,  Southwood  S,  Ishioka  G,  Knutson  KL,  Gooley  TA,  Schiffman  K,  and  Disis  ML,  Immunization  of 
cancer  patients  with  HER-2/neu-derived  peptides  demonstrating  high  affinity  binding  to  multiple  class  II  alleles 
(Submitted). 

Research  opportunities;  As  a  result  of  the  success  of  this  research  project,  I  have  been  promoted  to  Assistant  Professor  at 
the  University  of  Washington.  The  position  will  be  effective  July,  2003. 

Funding  applied  for:  Data  resulting  from  this  award  has  been  used  to  apply  and  obtain  funding: 

Title  of  project:  Ex  Vivo  Expansion  of  HER-2/neu  specific  T  helper  cells. 

PI:  Keith  Knutson,  Ph.D. 

Agency:  NCI 

Status:  Pending  (Priority  Score  171) 

Period:  2003-2008 
Type:  KOI 

Annual  Direct  Cost/%  Effort:  $121,350/80% 

This  grant  outlines  animal  preclinical  studies,  human  in  vitro  studies,  for  the  development  of  T  helper  cell  (Thl  and 
Th2)  therapy  for  HER2  expressing  advanced  stage  cancer. 

Title  of  project:  Multi-Antigen  Vaccines  for  Breast  Cancer 

PI:  Mary  L.  Disis,  MD 

Co-PI:  Keith  Knutson,  PhD 

Agency:  NCI 

Status:  Active 

Period:  2003-2007 

Type:  R01 

Annual  Direct  Cost/%  Effort:  $225,000/20% 

The  overall  goal  of  this  proposal  is  to  develop  multi-antigen  cancer  vaccines  targeting  immunogenic  overexpressed 
self-proteins  that  are  biologically  relevant  to  the  growth  of  breast  cancer  and  are  involved  in  the  malignant 
transformation.  The  utility  of  breast  cancer  vaccines  will  be  in  the  immunization  of  breast  cancer  patients  at  high 
risk  of  relapse  after  optimal  therapy  or,  eventually,  immunization  of  individuals  at  high  risk  of  developing  breast 
cancer. 


Title  of  project:  The  identification  of  tumor  rejection  antigens  induced  via  epitope  spreading  in  patients 
with  breast  and  ovarian  cancer  after  active  immunization 
PI:  Keith  L.  Knutson,  Ph.D. 

Agency:  NCI 
Status:  Pending 
Period:  2003-2008 
Type:  R21 

Annual  Direct  Cost/%  Effort:  $100,000/25% 

The  goal  of  this  proposal  is  to  identify  tumor  rejection  antigens  induced  via  epitope  spreading  in  patients  with 
breast  and  ovarian  cancer  after  active  immunization. 

Title  of  Project:  Vaccination  Against  Ovarian  Carcinoma 
PI:  Karl-Erik  and  Ingegerd  Hellstrom 
Co-PI:  Keith  L.  Knutson,  Ph.D. 

Agency:  NCI 
Status:  Pending 
Period:  2003-2008 
Type:  R01 

Annual  Direct  Cost/%  Effort:  $75,000/20% 
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The  goals  of  the  proposal  are  to:  (1)  determine  whether  tumors  transfected  with  murine  CD137  scFv  can  prime 
tumor  specific  T  cells  in  vitro  using  syngeneic  tumors  from  neu  transgenic  mice,  (2)  determine  whether  tumors 
transfected  with  murine  CD137  scFv  can  mediate  an  intraperitoneal  antitumor  response  in  vivo,  and,  (3)  determine 
whether  human  ovarian  tumors  can  be  transfected  with  human  CD137  scFv  and  can  prime  human  tumor  specific  T 
cells  in  vitro. 

Title  of  project:  The  identification  of  breast  tumor  antigens  targeted  by  the  immune  response  during  tumor 
rejection 

PI:  Keith  L.  Knutson,  Ph.D. 

Agency:  DOD 
Status:  Pending 
Period:  2003-2004 
Type:  Concept 

Annual  Direct  Cost/%  Effort:  $75,000/25% 

The  goal  of  this  proposal  is  to  identify  tumor  rejection  antigens  induced  via  epitope  spreading  in  patients  with 
breast  and  ovarian  cancer  after  active  immunization. 

Project  generated  resources:  I  will  submit  the  ANV  and  MMC  cell  lines  to  ATCC. 

Conclusions: 

In  my  previous  funding  period  I  were  able  to  define  strategies  to  generate  Thl  neu-specific  T  cells  that  were  able  to  mediate 
partial  protection.  During  the  current  funding  period,  I  have  confirmed  these  findings  and  demonstrated  that  the  T  cell 
lines  generated  with  the  peptides  were  specific  for  neu-overexpressing  tumors  and  could  not  lyse  antigen-negative 
syngeneic  tumors.  I  have  began  to  identify  methods  of  improving  the  outcome  of  adoptive  T  cell  therapy.  My  efforts  are 
focusing  on  the  generation  of  a  polyclonal  response  which  has  a  more  pronounced  ability  to  eradicate  tumor  cells.  I  have 
also  identified  that  some  of  file  lymphocytes  that  ordinarily  associate  with  tumor  are  regulatory  T  cells  which  can  reduce  the 
efficacy  of  adoptive  T  cell  therapy.  Understanding  how  to  eliminate  endogenous  immunosuppression  will  likely  improve 
my  strategy.  Recent  studies  by  Drs.  Dudley  and  Rosenberg  at  the  NCI  suggest  the  induction  of  lymphopenia  prior  to 
adoptive  T  cell  may  enhance  the  function  of  adoptively  transferred  T  cells.  While  the  mechanism  of  this  effect  is  still 
unclear,  a  leading  theory  is  that  immunosuppressive  regulatory  T  cells  are  reduced  to  levels  that  facilitate  expansion  and 
anti-tumor  activity  of  transferred  T  cells.  The  widespread  use  of  Herceptin  will  have  a  great  impact  on  the  translation  of 
HER-2/neu  targeted  therapies  to  the  clinic.  I  am  beginning  to  adapt  my  adoptive  T  cell  therapy  to  reflect  changes  in  the 
treatment  of  patients  with  HER-2/neu-overexpressing  cancers.  I  have  improved  our  understanding  of  how  to  rapidly 
expand  human  antigen-specific  T  cells  that  maintain  polyclonality  with  the  use  of  IL-12,  IL-15  and  anti-CD3/CD28  beads. 
These  findings  are  being  applied  to  a  clinical  trial  of  adoptive  T  cell  therapy  of  HER-2/neu-overexpressing  tumors  in 
advanced  stage  breast  cancer  patients. 
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Figures: 


C 


Figure  1.  A  neu-negative  mammary  tumor  cell  line,  ANV,  was  established  in  vitro  from  an  antigen- 
escape  variant.  A.  Shown  is  the  growth  of  neu-expressing  MMC  in  either  neu-Tg  (circles)  or  parental 
FVB/N  (squares).  B.  Shown  is  the  growth  of  neu-negative  ANV  in  either  neu-Tg  (circles)  or  parental  FVB/N 
(squares).  Each  data  point  shows  the  mean  and  SEM  of  3  mice.  C.  Shown  are  the  effects  of  a  neu-specific 
inhibitory  monoclonal  antibody  on  the  growth  of  neu-expressing  MMC  and  neu-negative  tumor  cells.  Each 
data  point  represents  the  mean  (±SEM)  of  triplicate  determinations. 
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Figure  2.  Tumor  antigen  specific  T  cell  lines  generated  in  vitro  are  specific  neu-overexpressing  tumors. 

Shown  are  the  IFN-y  ELIspot  responses  of  a  representative  p781-  (Panel  A),  p932-  (Panel  B),  and  pi  166-specific 
(Panel  C)  T  cell  lines  to  peptide  antigens  and  murine  breast  tumor  cell  lines.  The  data  are  presented  as  the 
number  of  spots  observed  per  well.  Each  data  point  is  the  mean  (±SEM)  of  6  replicates.  MMC  are  neu- 
overexpressing  tumor  cells  and  ANV  are  neu-negative  tumor  cells.  Both  tumor  cell  lines  are  derived  from 
mammary  tumors  in  neu-tg  mice. 
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Figure  3.  T  cells  specific  for  rat  neu  peptide  p!166,  expanded  ex  vivo,  from  either  neu-tg  or  parental  FVB/N  can 
be  partially  therapeutic  in  vitro.  (A)  6  x  106  neu-expressing  MMC  tumor  cells  were  injected  on  day  0.  One  day  later,  6 
x  106  pi  166-specific  T  cells  (circles  or  squares)  or  normal  neu-tg  splenocytes  (control,  diamonds)  were  infused  and  tumor 
growth  was  monitored.  The  pi  166-specific  T  cells  were  derived  from  either  neu-tg  or  parental  FVB/N  mice.  Each  data 
point  represents  the  mean  (+SEM)  of  measurements  from  3  mice.  (B)  Tumors  derived  from  the  mice  in  panel  A  were 
stained  with  anti-neu  antibodies.  The  average  (±SEM)  mean  relative  staining  intensity  (rMFI)  is  shown  for  each  group. 
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Figure  4.  Polyclonal  T  cell  lines  completely  inhibit  tumor  growth.  A.  6  x  106  neu-expressing  MMC  tumor 
cells  were  injected  on  day  0.  One  day  later,  6  x  106  T  cells  or  normal  neu-tg  splenocytes  (control,  diamonds) 
were  infused  and  tumor  growth  was  monitored.  The  T  cells  were  derived  from  parental  FVB/N  mice.  Each  data 
point  represents  the  mean  (+SEM)  of  measurements  from  5  mice.  Shown  are  the  IFN-y  (panel  B)  or  DL-4  (panel 
C)  ELIspot  responses  of  tumor-specific  T  cell  lines  in  response  to  neu-expressing  MMC  or  neu-negative  ANV. 
The  data  are  presented  as  the  mean  number  of  spots  calculated  from  6  replicates. 
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Figure  5.  CD4/CD25+  T  regulatory  cells  associate  with  both  MMC  and  ANV  mammary  tumor  cells.  T  cells 
derived  from  ascites  fluid  of  mice  bearing  peritoneal  tumors  were  evaluated  by  flow  cytometry.  T  cells  were  dual- 
stained  with  anti-CD4  and  anti-CD25  antibodies.  CD25  intensity  is  shown  on  the  X-axis  for  panels  A  and  B.  CD4 
intensity  is  shown  on  the  Y-axis  for  panels  A  and  B.  Irrelevant  fluorescence  is  shown  in  panel  C.  Panels  A  and  B 
depict  lymphocytes  derived  from  MMC  and  ANV  tumor-bearing  animals  respectively.  The  value  in  the  upper  right 
quadrant  represents  the  percentage  of  the  total  cells  that  the  cells  in  this  quadrant  constitute. 
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Figure  6,  Neu-specific  monoclonal  antibody  inhibits  neu-mediated  tumor  growth  in  vivo  in  an  established 
tumor  setting.  Shown  are  tumor  measurements  from  tumor-bearing  control  mice  (PBS,  circles)  and  tumor-bearing 
mice  treated  with  7.16.4  antibody  starting  on  either  day  10  (squares)  or  day  14  (diamonds)  following  tumor  cell 
injection.  Each  data  point  is  the  mean  tumor  measurements  (±SEM)  from  15-16  mice. 


Figure  7.  Neu-specific  T  ceils  can  be  radiolabeled  without  loss  of  function.  Panel  A  shows  the  percent  of  label 
associating  with  the  cells  following  45  minutes  of  labeling  a  neu-specific  T  cell  line  with  varying  (0,  30,  300,  600 
pCi/108  cells)  concentrations  of  ,nIndium-oxine.  Panel  B  shows  IFN-y  secretion  results  using  ELIspot  assay 
following  labeling  of  a  T  cell  line  specific  for  the  p781  helper  peptide  of  neu.  The  T  cell  line  was  labeled  with 
varying  concentrations  of  luIndium-oxine  and  stimulated  in  vitro  with  p781  peptide  (circles),  an  irrelevant  neu 
helper  peptide  (irrel,  triangles)  or  no  antigen  (squares).  ELIspot  analysis  was  performed.  Each  symbol  is  the  mean 
(+SEM)  of  3  replicates. 
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Figure  8.  T  ceils  can  be  expanded  with  anti  CD3/CD28  beads.  An  expansion  scheme  was  established  that  has 
two  phases  (Panel  A).  The  first  phase  is  an  antigen  enrichment  period  in  which  antigen-specific  T  cells  are  selected. 
The  second  phase  is  a  rapid  expansion  phase  in  CD3/CD28  beads.  In  the  lower  graph  (Panel  B)is  the  growth 
results  of  T  cells  from  2  donors  taken  thru  the  expansion  scheme. 
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Figure  9.  Antigen-specificity  is  preserved  following  ex  vivo  expansion.  Cells  were  taken  through  the  ex  vivo 
expansion  described  in  Figure  8.  The  antigen  used  was  CMV  lysate.  Following  enrichment  and  bead  expansion, 
the  cells  were  restimulated  with  or  without  CMV  and  proliferation  was  measured  with  thymidine  incorporation 
assays  (Panel  A).  Data  is  shown  as  the  mean  of  6  replicates  and  compared  with  the  response  observed  in  pre¬ 
expansion  samples.  Panel  B  shows  that  expanded  CMV  specific  T  cells  can  reconstitute  CMV  activity  in  normal 
PBMC.  CMV-specifie  T  cells  lines  were  added  into  normal  viable  PBMC  at  different  doses  and  the  lines  were 
tested  for  reactivity  against  CMV  using  ELIspot.  Results  shown  are  the  mean  (+SEM)  of  triplicate  determinations. 
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Figure  10.  Inclusion  of  cytokines  during  enrichment  phase  can  enhance  low-level  CD8  peptide-specific  T 
cells.  Cells  were  taken  through  the  ex  vivo  expansion  described  in  Figure  8.  The  antigen  used  was  an  HLA-A2  flu 
matrix  peptide.  During  the  enrichment  phase  cells  received  either  IL-2  alone  or  IL-2  in  combination  with  IL-12  or 
IL-15.  Panel  A  shows  the  effects  of  cytokines  on  the  growth  of  T  cells  during  ex  vivo  expansion.  Panel  B  shows  the 
specificity  for  flu  matrix  peptide  as  assessed  by  ELIspot.  Each  T  cell  culture  was  restimulated  at  the  end  of  the 
culture  period  with  flu  matrix  antigen,  an  irrelevant  HLA-A2  antigen,  or  no  antigen.  The  results  shown  are  the  mean 

(±SEM)  of  6  replicates.  Only  IL-15  was  able  to  enhance  the  precursor  frequency  of  flu-matrix  peptide  specific  T 
cells. 
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Clonal  Diversity  of  the  T-Cell  Population 
Responding  to  a  Dominant  HLA-A2 
Epitope  of  HER-2/neu  After  Active 
Immunization  in  an  Ovarian  Cancer  Patient 


Keith  L.  Knutson,  and  Mary  L.  Disis 


ABSTRACT:  Natural  antigen  processing  and  presenta¬ 
tion  of  antigen  is  thought  to  be  important  for  the  gener¬ 
ation  of  a  broad  functional  repertoire  of  antigen-specific  T 
cells.  In  this  study,  the  T-cell  repertoire  to  an  immuno¬ 
dominant  human  leukocyte  antigen  A2  (HLA-A2)  bind¬ 
ing  peptide  epitope  of  HER-2/neu,  p3 69-377,  was  exam¬ 
ined  in  a  patient  following  immunization  with  a  peptide- 
based  vaccine  consisting  of  helper  peptides  encompassing 
HLA-A2  peptide  epitopes.  The  responding  T-cell  reper¬ 
toire  generated  was  both  phenotypically  and  functionally 
diverse.  A  total  of  21  p369-377  clones  were  generated 
from  this  patient.  With  the  exception  of  two  clones,  all 
clones  were  CD3*.  Sixteen  of  the  clones  were  CD8*/ 
CD4  .  Five  of  the  clones  were  CD4+/CD8~,  despite 
being  generated  with  an  HLA-A2  binding  peptide.  Nine¬ 
teen  of  21  of  clones  expressed  the  aJ3-T-cell  receptor 
(TCR).  The  remaining  two  clones  expressed  the  y8  T-cell 
response  (TCR).  Selected  ap-TCR  clones,  both  CDS* 

ABBREVIATIONS 

BLCL  B-lymphoblastie  cell  line 

TCR  T-cell  receptor 


INTRODUCTION 

One  of  the  most  common  vaccination  strategies  used  to 
generate  T  cells  specific  for  tumor  antigen  is  to  use 
peptides  formulated  to  bind  directly  to  human  leukocyte 
antigen  (HLA)  molecules  eliminating  the  need  for  intra¬ 
cellular  processing  and  presentation  of  antigen.  Vaccina¬ 
tion  with  peptides  is  advantageous  compared  with  other 
methods,  such  as  using  DNA  or  proteins,  for  several 
reasons  including  the  fact  that  peptides  are  easily  con- 
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and  CD4*,  could  lyse  HLA-A2  transfected  HER2  over- 
expressing  tumor  cells  and  p369-377 -loaded  B-lympho- 
blastk  cell  line.  In  addition  to  their  lytic  capabilities  these 
clones  could  be  induced  to  produce  interferon-7  (IFN-y) 
specifically  in  response  to  p369-377  peptide  stimulation. 
The  2  yS-TCR  clones  expressed  CDS  and  lysed  HLA- 
A2+  HER-2/neu*  tumor  cells,  but  not  HLA-A2-  HER- 
2/neu*  tumor  cells.  One  of  yS-TCR  clones  also  released 
IFN-y  directly  in  response  to  p369-377  stimulation. 
These  results  suggest  that  a  tumor  antigen  TCR,  directed 
against  a  specific  epitope,  can  be  markedly  polyclonal  at 
multiple  levels  including  CD4/CD8  and  TCR.  Human 
Immunology  63,  547—557  (2002).  ©  American  Society  for 
Histocompatibility  and  Immunogenetics,  2002,  Pub¬ 
lished  by  Elsevier  Science  Inc. 

KEYWORDS:  vaccination;  T  lymphocytes;  CTL;  tumor 
immunity;  78  T  cells 


CTL  cytolytic  T  lymphocyte 


structed  and  can  be  chosen  to  target  specific  T-cell 
subsets,  such  as  cytolytic  T  cells  (CTL)  [1-3J.  Vaccina¬ 
tion  using  HLA  class  I  binding  peptides  have  been  tested 
most  often  because  of  the  availability  of  HLA  class  I 
sequence  information  and  the  observations  that  CTL  are 
critical  for  antitumor  Immunity. 

Some  clinical  studies  using  vaccination  with  HLA 
class  I  binding  peptides  have  reported  that  peptide- 
specific  precursor  frequencies  can  become  elevated,  but 
that  these  peptide-specific  T  cells  may  not  recognize 
naturally  processed  antigen  [4],  The  lack  of  recognition 
of  antigen  presented  in  the  major  histocompatibility 
complex  (MHC)  may  be  due  to  the  fact  that  the  peptides, 
usually  constructed  from  motif-based  algorithms,  were 
not  naturally  processed.  Alternatively,  the  high  pharma¬ 
cologic  levels  of  peptides  usually  administered  in  a  vac- 
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cine  could  have  elicited  a  T-cell  repertoire  that  cannot 
respond  to  the  low  levels  of  peptides  presented  naturally. 
Thus,  it  is  becoming  apparent  that  natural  levels  of 
presentation  of  peptide  antigen,  delivered  through  anti¬ 
gen  processing  pathways,  may  be  better  suited  to  gen¬ 
erate  an  immune  response  when  using  peptide-based 
vaccines.  The  levels  of  endogenously  processed  antigen 
presented  by  antigen  presenting  cells  is  a  function  of 
many  factors  including  the  antigen  load  as  well  as  the 
types  and  amounts  of  proteasomes  present  [5].  Several 
strategies  have  been  developed  to  deliver  peptides  to  the 
inside  of  the  cell  where  natural  presentation  can  be 
achieved,  including  mini-gene  epitope  delivery  [6]  or 
fusing  the  epitopes  with  molecules  designed  to  deliver 
the  peptides  to  the  endosomal  pathway,  such  as  lysoso¬ 
mal  membrane  associated  protein  [7}.  Another  strategy 
is  to  deliver  the  HLA  class  I  peptides  that  are  fully 
contained  within  longer  helper  epitopes,  which  can  re¬ 
sult  in  natural  presentation  of  the  encompassed  class  I 
peptides  [8]. 

In  this  study,  we  examined  the  phenotypic  and  func¬ 
tional  diversity  of  the  T-cell  repertoire  to  HER-2/neu 
peptide  p369-377  in  a  HLA-A2  patient  with  a  HER-2/ 
neu-overexpressing  ovarian  cancer.  The  patient  had  been 
previously  immunized  with  a  HER-2/neu  helper  peptide 
vaccine,  which  contained  the  helper  peptide  p369-386 
[8].  This  helper  peptide  encompassed  the  HLA-A2  pep¬ 
tide,  p369-377.  Therefore,  the  resulting  p369-377-spe- 
cific  T-cell  repertoire  produced  in  vivo  was  a  function  of 
natural  processing  of  antigen. 

MATERIALS  AND  METHODS 
Patient 

The  patient  was  enrolled  in  a  Phase  I  HER-2/neu  pep- 
tide-based  vaccine  trial  approved  by  the  University  of 
Washington’s  Human  Subjects  Division  and  the  United 
States  Food  and  Drug  Administration,  and  had  received 
definitive  conventional  therapy  for  her  disease  [8].  This 
Phase  I  clinical  trial  was  designed  to  evaluate  safety  and 
immunologic  responses  to  the  vaccine.  Furthermore,  all 
of  the  patients  had  either  no  evidence  of  disease  or 
minimal  residual  stable  disease.  Clinical  responses  to 
vaccine  were  not  possible  unless  patients  were  followed 
for  an  extended  time  to  relapse.  The  patient  signed  a 
protocol-specific  consent  and  received  monthly  vaccina¬ 
tions  with  three  15  amino  acid  (15-aa)  HER-2/neu- 
derived  peptides  (p369-386,  p688-703  and  p971-984) 
containing  within  each  the  putative  HLA-A2  binding 
motifs  p369-377  [91,  p689-697  [10],  and  p971-979 
[11].  The  vaccine  preparation  was  prepared  and  delivered 
as  previously  described  [8].  The  patient  underwent  pe¬ 
ripheral  blood  draws  prior  to  and  30  days  following  each 
vaccination  for  immunologic  monitoring.  Leukapheresis 


was  obtained  30  days  following  the  final  vaccination  for 
the  generation  of  T-cell  clones. 

Materials 

The  following  peptides  used  in  this  study,  either  for 
immunization  or  in  vitro  use,  were  as  follows:  HER-2/neu 
peptides,  p369-386,  KIFGSLAFLPESFDGDPA  [12], 
p688-703,  RRLLQETELVEPLTPS  [12],  p97 1-984, 
ELVSEFSRMARDPQ  [12],  p369-377,  KIFGSLAFL, 
pi 066- 1074,  SEEEAPRSP.  All  peptides  used  for  in  vitro 
immunologic  assays  were  manufactured  either  by  United 
Biochemical  Inc.  (Seattle,  WA,  USA)  or  Multiple  Pep¬ 
tide  Systems  (San  Diego,  CA,  USA)  and  all  were  >95% 
pure  as  assessed  by  HPLC  and  mass-spectrometric  anal¬ 
ysis.  Ficoll/Hypaque  was  purchased  from  Amersham 
Pharmacia  Biotech  (Uppsala,  Sweden).  RPMI-1640, 
HBSS,  and  PBS  were  purchased  from  Life  Technologies 
(Rockville,  MD,  USA),  and  EHAA-120  was  purchased 
from  Biofluids  (Rockville,  MD,  USA).  The  [3H]  thymi¬ 
dine  and  [51Cr]  sodium  chromate  were  purchased  from 
NEN  Life  Science  Products  (Boston,  MA,  USA),  human 
AB+  serum  from  Valley  Biomedical,  Inc.  (Winchester, 
VA,  USA),  sterile  nitrocellulose-backed  microfiltration 
96-well  plates  from  Millipore  Corp  (Bedford,  MA,  USA), 
and  streptavidin-alkaline  phosphatase  and  AP-colorimet- 
ric  reagents  were  from  BioRad  (Hercules,  CA,  USA). 
Purified  anti-IFN-7  (clone  #  1-D1K)  and  biotin-conju¬ 
gated  anti-IFN-7  (clone  #  7-B6-1)  were  purchased  from 
Mabtech  AB  (Nacka,  Sweden).  Anti-CD8-FITC,  anti- 
CD4-PE,  anti-78-TCR,  and  anti-ap-TCR  antibodies 
were  purchased  from  Pharmingen  (San  Diego,  CA,  USA). 
HLA  testing  was  performed  by  the  Puget  Sound  Blood 
Bank  (Seattle,  WA,  USA). 

Cell  Lines 

Epstein-Barr  virus  (EBV)  transformed  B-lymphoblastoid 
cell  lines  (BLCL)  were  produced  from  peripheral  blood 
mononuclear  cells  (PBMC)  using  culture  supernatant 
from  the  EBV-producing  B95-8  cell  line  (American 
Type  Culture  Collection,  Manassas,  VA,  USA).  The 
HER-2/ neu-overexpressing  cell  lines  SKOV3  and 
SKOV3-A2,  and  BLCLs  were  maintained  in  RPMI-1640 
with  L-glutamine,  penicillin,  streptomycin,  2-mercapto- 
ethanol,  and  10%  fetal  calf  serum.  The  SKOV3-A2 
tumor  cells  are  the  same  as  SKOV3  tumor  cells,  except 
that  they  are  stably  transfected  with  a  vector  encoding 
HLA-A2  [13]. 

Preparation  of  PBMC  and  Cloning  of 
Peptide-Specific  T  Cells 

PBMC  were  isolated  by  density  gradient  centrifugation 
as  previously  described  [12].  Cells  were  analyzed  imme¬ 
diately  or  aliquoted  and  cryopreserved  in  liquid  nitrogen 
in  freezing  media  (90%  fetal  bovine  serum  and  10% 
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dimethylsulfoxide)  at  a  cell  density  of  25  to  50X106 
cells/ml  until  use.  Antigen-specific  T-cell  clones  were 
generated  by  culturing  25X106  PBMC  in  T25  tissue 
culture  flasks  in  20  ml  of  T-cell  medium.  The  HLA-A2 
peptide,  p369-377,  was  added  to  the  flasks  to  1  pM.  The 
flasks  were  incubated  at  37  °C  and  5%  C02.  On  day  3 
and  every  other  subsequent  day,  IL-2  was  added  to  5 
U/ml.  On  day  10,  in  vitro  stimulation  was  performed 
with  peptide-pulsed,  irradiated  autologous  PBMC.  The 
cultures  were  further  incubated  for  an  additional  10  days 
with  periodic  IL-2  administration.  T-cell  clones  were 
derived  from  the  T-cell  lines  after  two  in  vitro  stimula¬ 
tions.  For  cloning,  bulk  cultures  were  diluted  to  achieve 
approximately  0.3  viable  cells/200  pi  and  plated  onto 
four  flat-bottom  96-well  plates  in  complete  medium. 
Peptide-pulsed,  irradiated  autologous  PBMC  (2.QX105) 
were  added  to  each  well  in  the  presence  of  50  U/ml  IL-2. 
The  wells  were  then  tested  for  lytic  activity  in  a  51Cr 
release  assay  using  50  ptl  of  cells  from  each  well  after  14 
days.  Positive  wells  were  identified  as  those  having  spe¬ 
cific  activity  of  5%  or  greater.  The  positive  wells  were 
transferred  to  new  96-well  plates  and  subsequently  re- 
stimulated  with  peptide-pulsed,  irradiated  autologous 
BLCL. 

The  cultures  were  eventually  expanded  and  carried 
using  IL-2  and  peptide-pulsed,  irradiated  autologous 
BLCL. 

T-Cell  Proliferation  Assays 

HER-2/neu-specific  T-cell  proliferative  responses  were 
measured  at  baseline  and  at  the  end  of  the  study.  T-cell 
proliferation  was  assessed  using  a  modified  limiting  di¬ 
lution  assay  designed  for  detecting  low  frequency  lym¬ 
phocyte  precursors  based  on  Poisson  distribution  as  pre¬ 
viously  described  [12,  14}.  HER-2/neu  peptide-specific 
T-cell  responses  were  measured  at  baseline  and  at  the 
time  of  the  final  vaccination  using  freshly  prepared 
PBMC.  PBMC  were  prepared  by  Ficoll-Paque  (Pharma¬ 
cia  AB,  Uppsala,  Sweden)  centrifugation  and  resus¬ 
pended  in  media  consisting  of  equal  parts  of  EHAA  120 
(Biofluids,  Inc.)  and  RPMI  1640  (Gibco,  Grand  Island, 
NY,  USA)  with  L-glutamine,  penicillin/streptomycin, 
P-2  ME,  and  10%  AB  serum  (ICN  Flow,  Costa  Mesa, 
CA).  PBMC  were  cocultured  with  50  pg/ml  of  the 
various  individual  HER-2/neu  peptides.  Specifically, 
2X105  PBMC/well  were  plated  into  96- well  round  bot¬ 
tom  microtiter  plates  (Costar,  Cambridge,  MA,  USA) 
with  antigen  at  37  °C  in  an  atmosphere  of  5%  C02  for 
5  days.  All  antigens  were  tested  In  24-well  replicates. 
Eight  hours  before  termination  of  culture,  each  well  was 
pulsed  with  1  pCi  3H-thymidine  (New  England  Nu¬ 
clear,  Wilmington,  DE).  The  cultures  were  then  har¬ 
vested  onto  glass  fiber  filters  and  the  incorporated  radio¬ 
activity  was  measured  with  a  Microbeta  1450 
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scintillation  counter  (Wallac).  Peripheral  blood  T-cell 
response  data  presented  here  is  expressed  as  a  standard 
stimulation  index  (SI),  which  is  defined  as  the  mean  of  all 
24  experimental  wells  divided  by  the  mean  of  the  24 
control  wells  (no  antigen).  An  age-matched  control  pop¬ 
ulation  of  30  volunteer  blood  donors  was  analyzed  sim¬ 
ilarly  (data  not  shown).  No  volunteer  donor  had  a  re¬ 
sponse  to  HER-2/neu  peptides.  The  mean  and  3  standard 
deviations  of  the  volunteer  donor  responses  to  all  anti¬ 
gens  (SI  of  1.98)  established  a  baseline,  therefore  an  SI  of 
>  2  was  considered  consistent  with  an  immunized  re¬ 
sponse.  '  ‘  ; 

Enzyme-Linked  Immunosorbant  Spot 

An  enzyme-linked  immunosorbent  spot  (EUspot)  assay 
was  used  to  determine  precursor  frequencies  of  peptide- 
specific  T  lymphocytes  as  previously  described  with  some 
minor  modifications  [8].  On  day  1, 2.5  X 104  viable  cells, 
as  determined  by  trypan  blue  staining  were  plated,  in 
quadruplicate.  Into  96-well,  anti-IFN-7-coated  nitrocel¬ 
lulose  plates  in  100  pi  media.  Because  at  10  days  fol¬ 
lowing  restimulation  some  irradiated  PBMC  and  BLCL 
can  still  exclude  trypan  blue,  the  viable  cell  counts  do 
not  reflect  the  true  numbers  of  each  antigen-specific 
clonal  population.  Thus,  our  EUspot  analysis  is  only  able 
to  measure  the  numbers  of  cells  responding  to  antigen 
and  not  the  proportion  of  the  antigen-specific  T-cell 
clones  that  are  responding  with  IFN-7  release.  The  cells 
were  stimulated  with  100  pi  of  media  containing 
2.0X105  autologous,  Irradiated  (3000  rads)  BLCLs  pre¬ 
pulsed  (1  h,  RT)  with  or  without  antigen  (10  pg/ml). 
The  cells  were  further  Incubated  for  20  h  at  37  °C  and 
detection  of  bound  IFN-7  was  performed  as  previously 
described  [8}. 

f51Cr]-Release  Assays 

Cytolytic  activity  was  measured  using  standard 
4-h[51Cr}-release  assays  as  previously  described  [8}.  The 
percent  specific  activity  was  calculated  using  the  follow¬ 
ing  equation:  %  specific  lysis  =  (sample  well  release  — 
basal  release)/(detergent  release  —  basal  release). 

Flow  Cytometry 

Clones  were  harvested  and  washed  in  FAGS  staining 
buffer  (PBS  containing  20-mM  glucose  and  0.5%  BSA). 
Cells  were  stained  In  50- pi  FACS  staining  buffer  con¬ 
taining  control  antibody,  anti-CD4,  anti-CD8,  anti-a(3- 
TCR,  anti-78-TCR,  or  anti-CD3,  for  1-2  h  at  4  °C. 
Following  two  washes  the  cells  were  fixed  In  PBS  con¬ 
taining  1%  paraformaldehyde  and  analyzed  by  flow  cy¬ 
tometry.  Data  presentation  was  completed  using 
CellQuest  flow  cytometry  software  (Becton-Dickinson 
Immunocytometry  Systems,  San  Jose,  CA,  USA). 


550 


K.  L.  Knutson  and  M.  L.  Disis 


RESULTS 

Immunity  to  HER-2/neu  peptide  p369-386  is  generated 
as  a  result  of  vaccination  with  helper  peptides  in  an 
HLA-A2+  ovarian  cancer  patient.  T-cell  proliferative 
responses  were  measured  against  15-aa  HER-2/neu  pep¬ 
tides  prior  to,  during,  and  following  the  vaccination 
series.  As  illustrated  in  Figure  1A,  prior  to  immunization 
proliferative  responses  were  not  detected  to  any  of  the 
HER-2/neu  peptides  contained  within  the  vaccine  for¬ 
mulation.  The  stimulation  index  to  p369-386  was  0.9, 
to  p688-p703  was  0.9,  and  to  p97 1-984  was  0.8.  The 
patient  demonstrated  a  proliferative  response  to  tetanus 
toxoid  (SI  =  7.5).  Following  vaccination,  6  months  after 
the  initial  immunization,  a  T-cell  proliferative  response 
was  measured  against  15-aa  HER-2/neu  peptide,  p369- 
386  (Figure  IB).  The  stimulation  index  to  p369-386  was 
4.2,  to  p688-p703  was  1.4,  and  to  p971-984  was  1.6. 
The  tetanus  toxoid  response  remained  stable  during  the 
course  of  immunization  and  after  the  last  vaccine  was 
4.9.  The  peptide,  p369-3 86,  encompassed  within  its 
sequence  a  defined  HLA-A2  binding  epitope,  p369-377 
[8,  15).  Twenty-one  T-cell  clones  were  isolated  using 
this  HLA-A2  peptide,  representing  a  cloning  efficiency 
of  approximately  5%. 

A  polyclonal  T-cell  response  could  be  elicited  to 
p369-377,  an  HLA-A2  HER-2/neu  epitope  encompassed 
with  the  sequence  of  the  helper  epitope,  after  active 
immunization.  The  majority  (19/21)  of  the  clones  were 
>  90%  CD3+.  Nineteen  of  21  clones  expressed  the 
a(3-TCR,  and  two  clones  expressed  78-TCR  (clones  IDI 
and  3F7).  Representative  histograms  of  TCR  staining  for 
2  aP~TCR  (example  clones  2F10  and  2G2)  and  the  2 
78-TCR  'T-cell  clones  are  depicted  in  Figure  2.  Although 
the  majority  of  the  monoclonal  populations  expressed 
CD8  (16/21),  some  clones  expressed  CD4  (5/21)  despite 
being  cloned  using  the  HLA-A2  peptide,  p369-377. 
Representative  flow  cytometry  dot  plots  from  4  a(3-TCR 
clones,  2F10  (CD8+),  2G2  (CD8+),  2A2  (CD4+),  and 
3G9  (CD4+)  stained  with  anti-CD8  and  anti-CD4,  are 
illustrated  in  Figure  3.  Representative  clones  from  each 
phenotypic  group  both  a0  or  78  were  chosen  for  eval¬ 
uation  in  a  more  detailed  fashion. 

HER-2/neu  peptide-specific  ap-TCR  clones  secrete 
IFN-7  in  response  to  antigen.  The  ap-TCR  clones  were 
examined  for  peptide-specific  release  of  IFN-7  in  an 
ELIspot  assay  (Figure  4).  Representative  aP-TCR, 
CD8+  T  cells  were  tested  against  p369-377,  an  irrele¬ 
vant  HER-2/neu  9  amino  acid  peptide,  or  no  antigen. 
The  number  of  spots  detected  in  wells  containing  p369- 
377  was  137  ±  17  (inean  ±  standard  error  of  mean 
[SEM]),  177  ±  22,  and  102  ±  17,  for  the  clones,  3H8 
(CD8),  2G2  (CD8),  and  2F6  (CD8)  respectively.  These 
means  were  significantly  greater  than  the  mean  number 
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FIGURE  1  Immunity  to  HER-2/neu  peptide,  p3  69-3 86  is 
generated  as  a  result  of  vaccination  with  helper  peptides  in  a 
human  leukocyte  antigen  A2  (HLA-A2+)  ovarian  cancer  pa¬ 
tient.  Depicted  are  the  proliferation  responses  to  media  alone, 
the  vaccine  peptides,  p369-386,  p689-703,  and  p97 1-984. 
Tetanus  toxoid  (tt)  was  added  as  a  positive  control.  Data  from 
peripheral  blood  mononuclear  cells  drawn  at  the  time  of  the 
first  visit  (Panel  A)  and  the  last  immunization  (Panel  B)  are 
illustrated.  The  long  horizontal  line  spanning  the  width  of  the 
graph  depicts  average  CPM  of  the  no  antigen  wells  +  3 
standard  deviation.  The  short  horizontal  lines  within  the  data 
symbols  represent  the  mean  of  the  24  replicates  for  each 
condition.  The  values  above  each  data  set  are  the  calculated 
stimulation  index. 
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FIGURE  2  Both  ap  T-cell  reponse  (ap-TCR)  and  y8-TCR  clones  were  isolated  following  HER-2/neu  peptide  vaccination. 
Iilustmtion  is  a  representative  flow  cytometry  analysis,  staining  for  either  af3-TCR  (top  row)  or  y8-TCR  (bottom  row)  of  select 
T-cell  clones.  The  results  are  representative  of  two  independent  experiments  yielding  similar  results.  The  fluorescence  intensity 
is  plotted  on  the  x  axis  and  the  cell  counts  are  plotted  on  the  y  axis. 
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FIGURE  3  Both  CD4  and  CDS  clones  were  isolated  following  HER-2/neu  peptide  vaccination.  Illustration  is  the 
representative  flow  cytometry  data  of  p369-377-specific  a(3  T-cell  reponse  (af3-TCR)  T-cell  clones  dual-stained  for  both  CD4  and 
CDS  (top  row).  Background  irrelevant  staining  (FITC-conjugated  mouse  IgG)  for  the  same  clones  is  illustrated  in  the  bottom  row. 
The  results  are  representative  of  two  independent  experiments  yielding  similar  results. 
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HER-2/neu  peptide-specific  clones 


FIGURE  4  HER-2/neu  peptide-specific  ap-TCR  clones  se¬ 
crete  IFN-'Y  in  response  to  antigen.  ELIspot  data  from  a(3 
T-cell  receptor  (a|3-TCR)  clones  3H8,  2G2,  and  2F6  are 
depicted  presented  as  the  mean  (±  SEM;  *  =  p  <  0.05) 
number  of  spots  calculated  from  quadruplicate  determinations 
for  clones  stimulated  with  p36$>-377  (black  bars),  pl066-1074 
(gray  bars),  or  no  peptide  (white  bars). 


of  spots  detected  in  wells  containing  either  no  antigen 
(3H8,  45  ±  4,/>  =  0.003;  2G2,  63  ±  10, />  =  0.002; 
2F6,  54  ±  15,/>  =  0.02)  or  irrelevant  peptide  (3H8,  50 
±  7,p  =  0.03;  2G2,  59  ±  19, p  =  0.03;  2F6,  51  ±  15, 
p  —  0.05).  These  clones  also  all  released  IFN-7  into  the 
supernatant  as  assessed  by  ELISA  (data  not  shown). 

HER-2/neu  peptide-specific  ap-TCR  clones  lyse 
HLA-A24\  HER-2/neu+  tumor  cells.  The  clones  were 
examined  for  lysis  of  peptide-loaded  autologous  BLCL  or 
HER-2/neu-expressing  tumor  cell  lines.  As  an  example, 
two  CD3+CD8+CD4  clones  (2G2  and  2G7)  and  one 
CD3+CD8  CD4+  (3G9)  are  revealed  in  Figure  5.  The 
clones  examined  all  demonstrated  detectable  lysis  of 
p369-377-loaded  BLCL  and  HLA-A24*  HER-2/neu-ex- 
pressing  tumor  cells.  At  an  effector:target  (E:T)  ratio  of 
40:1,  the  percent  of  specific  lysis  was  9%,  12%,  and  13% 
for  clones  2G2  (Panel  A),  2G7  (Panel  B),  and  3G9  (Panel 
C),  respectively  against  p369-377-loaded  autologous 
BLCL.  Responses  against  non  peptide-loaded  BLCL  were 
<  4%  for  all  clones  tested.  Against  the  HLA-A2  +  , 
HER-2/neu-expressing  SKOV3  tumor  cell  line,  the  per¬ 
cent  of  specific  lysis  at  40:1  E:T  was  7%,  7%,  and  6%  for 
2G2  (Panel  A),  2G7  (Panel  B),  and  3G9  (Panel  C), 
respectively.  Lysis,  of  .parental,  HER-2-expressing 
SKOV3  tumor  cells  was  not  detectable  for  any  of  the 
tested  clones. 


The  78-TCR  clones  secrete  IFN-7  and  lyse  HLA- 
A2+,  HER-2/neu-expressing  tumor  cells.  The  78-TCR 
clones  were  examined  for  expression  of  CD4,  CD8  (Fig¬ 
ure  6).  Clone  3F7  was  predominantly  CD8+.  In  contrast, 
clone  1D1  displayed  heterogeneous  but  consistent  ex¬ 
pression  of  CD4  and  CD8.  As  assessed  by  flow  cytometry 
expression  of  the  78-TCR  was  observed  in  90%  of  cells 
(Figure  2).  The  remaining  10%  expressed  neither  CD3 
(not  shown)  nor  78-TCR  suggesting  nonspecific  partic¬ 
ulate  debris.  Approximately  50%  of  1D1  expressed  CD8, 
10%  expressed  CD4,  and  the  remaining  40%  did  not 
express  either  CD8  or  CD4  (Figure  6).  Peptide-specific 
release  of  IFN-7  against  p369-377,  an  irrelevant 
HLA-A2  HER-2/neu  peptide  pi 066- 1074,  or  ho  anti¬ 
gen  was  examined  in  an  ELIspot  assay  (Figure  7).  The 
mean  number  of  spots  detected  in  wells  containing 
p369-377  was  57  (±  7,  SEM)  and  6  (±  1,  SEM)  for  1D1 
and  3F7  respectively.  The  mean  number  of  spots,  in  the 
presence  of  p369-377,  for  1D1  was  significantly  higher 
than  the  mean  number  of  spots  detected  in  wells  con¬ 
taining  either  no  antigen  (19  ±  4,  SEM,/?  =  0.015)  or 
irrelevant  peptide  (26  ±  8,  SEM,  p  -  0.03).  Clone  3F7 
did  not  demonstrate  significantly  elevated  IFN-7  release 
in  response  to  peptide. 

The  78-TCR  clones  were  also  examined  for  lysis  of 
HER-2/neu-expressing  cells  lines  (Figure  8).  Both  clones 
displayed  lysis  of  the  HLA-A2+,  HER-2/neu-expressing 
tumor  cell  line  SKOV3-A2.  At  an  E:T  ratio  of  40:1,  the 
percent  of  specific  lysis  was  25%  and  20%  for  1D1 
(Panel  A)  and  3F7  (Panel  B),  respectively.  Lysis  of  pa¬ 
rental  HER-2-expressing  SKOV3  tumor  cells  was  <  1% 
for  both  clones  at  all  E:T  ratios  examined. 

CONCLUSIONS 

We  immunized  patients  with  T-helper  epitopes  derived 
from  HER-2/neu,  each  of  which  encompassed  known 
HLA  class  I  motifs  to  generate  HER-2/neu-specific  CTL 
in  cancer  patients  [8}.  Clinical  vaccination  with  longer 
peptides  encompassing  HLA  class  I  binding  motifs  al¬ 
lowed  exogenous  uptake  of  helper  epitopes  within  the 
HLA  class  II  processing  pathway.  Once  internalized  and 
processed,  peptides  are  available  to  the  HLA-class  I  pro¬ 
cessing  pathway  for  presentation  [16].  Thus,  the  subse¬ 
quent  stimulation  of  HLA  class  I  restricted  T  cells  rep¬ 
resents  an  immune  response  that  likely  required  internal 
processing  and  presentation  of  antigen  rather  than  exog¬ 
enous  peptide  loading.  We  cloned  T  cells  from  a  patient 
successfully  immunized  with  a  T-helper  peptide  (p369- 
386)  derived  from  HER-2/neu  to  evaluate  the  repertoire 
of  the  HLA  class  I  specific  peptide  (p369-377)  encom¬ 
passed  within  the  longer  epitope.  The  studies  described 
here  demonstrate  substantial  diversity  of  the  vaccinated 
repertoire,  which  consisted  not  only  of  CD4+  and  CD8+ 


553 


Diversity  of  the  T-Cell  Repertoire 


FIGURE  5  HER-2/neu  peptide-specific  ap  T-cell  receptor 
(a(3+-TCR)  clones  lyse  human  leukocyte  antigen  A2  (HLA- 
A2  ),  HER2/neu-expresslng  tumor  cells*  Cytolytic  activity 
data  from  af3-TCR  clones  2G2  (Panel  A),  2G7  (Panel  B),  and 
3G9  (Panel  C)  are  depicted  against  BLCL-A2  alone  (open 
circles),  p369-377-loaded  BLCL-A2  (closed  circles),  or  the 
HER-2/ neu-overexpressing  tumor  cells  SKOV3  (open  squares) 
and  SKOY3-A2  (closed  squares)*  The  data  are  presented  as  the 
mean  (±  SEM)  of  triplicate  determinations  at  each  of  three  E:T 
ratios,  40:1 ,  20:1,  and  10:1*  The  absence  of  a  standard  error  bar 
indicates  a  SEM  of  <  0,5%  specific  lysis. 


FIGURE  6  The  yb  T-cell  receptor  (yS-TCR)  T-teil  clones 
could  be  isolated  following  HER-2/neu  vaccination*  This  il¬ 
lustrates  the  flow  cytometry  data  of  p369-377-specific  yS- 
TCR  T-ceU  clones  dual-stained  for  both  CD4  and  CDS  (top 
row).  Background  Irrelevant  staining  (FITC-conjugated  anti¬ 
mouse  IgG)  for  the  same  clones  are  depicted  in  the  bottom 
row.  The  results  are  representative  of  two  Independent  exper¬ 
iments  yielding  similar  results* 


T  cells,  but  also  ap-TCR  and  yS-TCR  T  cells  specific  for 
HLA  class  I,  HER-2/neu  peptide  antigen. 

As  expected,  the  majority  of  peptide-specific  clones 
isolated  were  CDS'*";  however,  nearly  25%  of  the  clones 
identified  were  CD4+.  A  representative  clone  of  the 
CD4  T-cell  population  could  lyse  both  peptide-loaded 
BLCL  as  well  as  HER-2/neu  overexpressing  HLA-A2 
tumor  cells.  The  lysis  observed  by  CD4+  T-cell  clones 
was  weak  and  of  similar  magnitude  to  the  lysis  observed 
by  the  CDS'*"  T-cell  clones,  a  finding  that  Is  consistent 
with  previous  studies  of  HER-2/neu-specific  T-cell  lines 
or  clones  £4,  10,  15,  17].  Isolation  of  T  cells  with  weak 
lytic  activity  Is  likely  due  to  loss  of  higher  affinity  T  cells 
against  self  antigens  by  tolerizlng  mechanisms  £18]. 
HLA  class  II  restricted  cytolytic  CD4+  T  cells  have  been 
defined  and  have  been  described  to  play  a  roles  in  the 
pathogenesis  of  autoimmune  disease  via  responses  to  self 
antigens,  such  as  myelin  £19].  Reports  of  HLA  class  I 
restricted  CD4+  T  cells  are  rare.  There  have  been  only  a 
few  reports  of  cytolytic  CD4+  T  cells  responding  to  HLA 
class  I  peptides  in  melanoma  £17,  20],  One  study  was  a 
report  of  a  HLA-B  5  7 -restricted  OD4+  cytolytic  clone, 
which  4fuld  lyse  autologous  melanoma  and  allogeneic 
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FIGURE  7  One  of  the  CD8+  78  T-cell  receptor  (78-TCR) 
clones,  1D1  secretes  IFN-y  in  response  to  antigen.  ELIspot 
data  from  yS-TCR  clones  1D1  and  3F7  are  depicted  arid 
presented  as  the  mean  (±  SEM;  *  =  p  <0.05)  number  of  spots 
calculated  from  quadruplicate  determinations  for  clones  stim¬ 
ulated  with  p369-377  (black  bars),  pl066-1074  (gray  bars),  or 
no  peptide  (white  bars). 


*  10-1 


-melanoma  lines  that-were matched  for  HLA-B57  [16], 
Nishimura  and  colleagues  [17]  performed  a  more  exten¬ 
sive  analysis  of  a  CD4+  T-cell  line  derived  from  tumor 
infiltrating  lymphocytes  derived  from  a  melanoma  pa¬ 
tient.  The  CD4"*"  T  cells  were  specific  for  a  tyrosinase 
peptide,  p368-376,  secreted  cytokines  of  a  Thl  pheno¬ 
type  and  were  weakly  cytolytic.  Furthermore,  although 
the  cell  line  demonstrated  high  CD4  expression,  CD4 
apparently  was  not  involved  in  antigen-specific  signaling 
through  the  TCR.  The  authors  concluded  that  the  HLA 
class  I  restricted  CD4+  T  cell  was  most  likely  a  rare 
event  with  unknown  functional  significance.  Data  pre¬ 
sented  here  suggests  the  HLA  class  I  restricted  CD4+  T 
cells  may  be  present  in  number  greater  than  previously 
thought.  Whether  the  functional  importance  of  these 
cells  lay  in  direct  killing  or  regulating  the  immune 
response  thrbugh  cytokine  secretion  is  currently  un¬ 
known. 

Most  analyses  of  the  T-cell  repertoire  generated  in 
response  to  dominant  HLA  class  I  epitopes  have  focused 
exclusively  ap-TCR+,  CD3+,  CD8+  T  cells.  Specifi- 
cally,  investigations  have  analyzed  the  VfJ  usage  and  the 
CDR3  size  of  the  af3-TCR  of  viral  peptide-specific  T 
cells  [21,  22}.  In  general,  findings  from  viral  studies 
suggest  that  the  repertoire  to  dominant  viral  epitopes  is 
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FIGURE  8  The  CD8r2b  78  T-cell  receptor  (78-TCR) 
clones  displayed  human  leukocyte  antigen  A2  (HLA-A2)  re¬ 
stricted,  HER2+  tumor  cell  lysis.  Cytolytic  activity  data  from 
78-TCR  clones  1D1  (Panel  A)  and  3F7  (Panel  B)  are  depicted 
against  the  HER-2/neu  overexpressing  tumor  cells  SKOV3 
(open  circles)  and  SKOV3-A2  (closed  circles).  The  data  are 
presented  as  the  mean  (±  SEM)  of  triplicate  determinations  at 
each  of  three  E:T  ratios,  40:1,  20:1,  and  10:1. 


tightly  restricted  in  terms  of  TCR  usage.  Recently,  how¬ 
ever,  Dietrich  and  colleagues  [23]  examined  the  clonality 
of  the  T-cell  repertoire  to  an  HLA-A2  restricted  immu¬ 
nodominant  epitope  of  the  melanoma-associated  antigen, 
Melan-A.  They  observed,  by  analyzing  the  V(3  segment 
and  CDR3  lengths,  that  the  natural  repertoire  to  this  self 
peptide  was  considerably  broader  than  what  had  been 
previously  observed  in  viral  peptide  systems,  suggesting 
that  the  ot(3-TCR  usage  is  not  as  narrowly  restricted  in 
response  to  tumors  as  it  is  in  viral  infections.  As  ex¬ 
pected,  in  the  present  study,  the  predominant  TCR  was 
the  afi-TCR.  However,  2  of  21  clones  (10%)  expressed 
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yS-TCR.  yS-TCR  T  cells  are  involved  in  a  wide  range  of 
immune  responses  to  infectious  and  non-infectlous  dis¬ 
eases,  including  malaria,  mycobacterial  infections,  can¬ 
cers,  and  autoimmune  disorders,  such  as  multiple  scle¬ 
rosis  £24].  The  y8-TCR  T-cell  clones  have  been  isolated 
from  tumor-infiltrating  lymphocytes  derived  from  tu¬ 
mors,  such  as  dysgerminoma  125],  seminoma  £25],  renal 
carcinoma  [26],  lung  £27],  colorectal  £28],  and  mela¬ 
noma  [291*  Tumor-associated  y8-TCR  T  cells  that  have 
been  described  in  colorectal  cancers  have  a  CD8+,  cyto¬ 
lytic  phenotype  similar  to  those  described  in  the  present 
study  £27],  In  the  present  study,  yS-TGR  T-cell  clone 
1D1,  displayed  heterogeneous  expression  of  CD4  or 
CDS,  In  general,  circulating  y8-TCR  T  cells  do  not 
express  CD4  or  CDS,  which  is  distinct  from  aj3-TCR  T 
cells  in  which  either  CD4  or  CDS  expression  occurs 
during  early  thymocyte  ontogeny  £30],  Little  is  known 
about  the  regulation  of  expression  of  CD4  and  CDS  in 
y8-TCR  T  cells,  but  since  the  majority  of  circulating 
yS-TCR  T  cells  are  CD4~/CD8~,  it  is  thought  that 
some  coreceptor  upregulation  may  be  due  to  environ¬ 
mental  maturation  £24,  31].  Therefore,  it  is  possible  that 
the  differential  expression  of  CDS  and  CD4  in  our  clonal 
population  was  induced  by  in  vitro  maturation  that  could 
have  led  to  clonal  divergence  £32]. 

In  autoimmune  diseases,  pathology  has  been  attrib¬ 
uted  to  infiltrating  y8-TCR  T  cells.  For  example,  anti¬ 
body  depletion  of  y8-TCR  reduces  demyelination  and 
inflammation  in  experimental  murine  multiple  sclerosis 
£33].  It  is  unknown  if  autoreactive  yS-TCR  T  cells 
respond  secondarily  to  damaged  and  stressed  tissue  £34} 
or  if  they  initiate  autoimmunity  directly.  One  hypothesis 
[35]  is  that,  given  the  broad  range  of  regulation  by 
multiple  mechanisms  of  antigen  presentation  and  natural 
localization  to  epithelial  tissue,  yS-TCR  T  cells  are  sen¬ 
tinels  for  the  immune  system  and  are  capable  of  alerting 
the  immune  system  to  the  presence  of  danger  fog.,  in¬ 
fection,  tumors,  etc.). 

Immunization  against  tumor  antigens  in  cancer  pa¬ 
tients  with  peptide-based  vaccines  has  been  best  studied 
in  patients  with  existing  disease  burden  and  clinical 
responses  have  occurred  only  infrequently  £36,  37],  We 
hypothesize  that  vaccines  may  be  better  suited  for  the 
prevention  of  relapse  following  conventional  therapies 
£8}.  Nevertheless,  characterization  of  the  T-cell  response 
to  tumor  antigen-specific  peptide  vaccines  is  necessary 
for  optimizing  design  and  improving  clinical  outcome. 
The  results  presented  here  demonstrate  that  the  T-cell 
population  specific  for  the  HER-2/neu  peptide,  p369- 
377  elicited  after  active  immunization  is  polyclonal  both 
at  the  level  of  the  TCR  and  the  T-cell  subsets  stimulated. 
These  data  reflect  the  distinct  differences  between  the 
highly  monoclonal  immunodominant  responses  directed 
against  foreign  infectious  disease  antigens  and  the  diverse 


polyclonal  response  against  self  tumor  antigens.  Many  of 
the  elements  in  the  immune  response  described  in  this 
report  are  important  in  the  autoimmunity  fo&,  CD4+ 
cytolytic  T  cells  and  78TCR  T  cells).  Perhaps  functional 
immunity  directed  against  specific  self  antigens  mimics 
the  pathogenic  pathways  of  autoimmune  disease  closer 
than  anticipated. 
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ABSTRACT 


Purpose:  The  purpose  of  this  study  was  to  immunize  patients  with  HER-2/neu  overexpressing  cancer 
with  a  multi-peptide  vaccine  comprised  of  four  class  II  HER-2/neu  peptides  that  had  been  identified  as 
the  most  immunogenic  in  a  previous  clinical  trial.  Furthermore,  we  questioned  if  MHC  binding 
affinity  could  predict  the  in  vivo  immunogenicity  of  the  HER-2/neu  helper  peptides. 

Experimental  Design:  Four  putative  class  II  HER-2/neu  peptides  which  were  found  to  generate 
detectable  specific  T  cell  responses  (S.I.  >  2)  in  a  majority  of  patients  in  a  previous  study  were  used  to 
formulate  a  single  vaccine.  The  multi-peptide  vaccine  was  administered  intradermally  with  GM-CSF 
as  an  adjuvant.  Ten  patients  with  HER-2/neu  overexpressing  breast  or  lung  cancer  were  enrolled. 
HER-2/neu  peptide-and  protein-specific  T  cell  and  antibody  immune  responses  were  measured. 
Competitive  inhibition  assays  were  used  to  analyze  the  class  II  HER-2/neu  peptides  for  their  binding 
affinity  to  14  common  HLA-DR  alleles. 

Results:  Twenty-five  percent  of  patients  developed  HER-2/neu  peptide-specific  T  cell  immunity  and 
50%  developed  HER-2/neu  peptide-specific  antibody  immunity.  No  patient  developed  HER-2/neu 
protein-specific  T  cell  or  antibody  immunity.  The  majority  of  peptides  exhibited  high  binding  affinity, 
in  vitro,  to  three  or  more  of  the  14  DR  alleles  analyzed. 

Conclusion:  The  group  of  peptides  used  in  this  study  demonstrated  high  binding  affinity  to  multiple 
DR  alleles  suggesting  that  in  vitro  binding  affinity  may  be  able  to  predict  the  in  vivo  immunogenicity 
of  class  II  peptides.  However,  only  a  minority  of  patients  immunized  with  the  multi-peptide  vaccine 
developed  HER-2/neu  peptide-specific  T  cell  or  antibody  immunity  and  none  developed  HER-2/neu 
protein-specific  immunity. 
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INTRODUCTION 


Studies  have  now  shown  that  tumor  antigen  specific  peptide-based  vaccines  are  effective  in  generating 
immune  responses  to  self-proteins  (1,  2).  Furthermore,  the  inclusion  of  well-defined  MHC  class  II 
epitopes  in  tumor  antigen  specific  vaccines,  appear  to  play  an  important  role  in  augmenting  the 
immune  response.  A  current  focus  of  study  is  identifying  immunogenic  MHC  class  II  epitopes  of  self¬ 
tumor  antigens  for  use  in  peptide  vaccines.  In  addition,  methods  of  delivering  multiple  epitopes, 
including  multi-peptide  vaccines  are  being  developed.  Over  the  last  several  years  the  identification  of 
MHC  class  II  binding  epitopes  to  common  tumor  antigens  has  been  facilitated  by  improvements  in  the 
ability  to  predict  MHC  class  II  binding.  More  specifically,  methods  utilizing  quantitative  binding 
assays  which  associate  in  vitro  high  peptide-DR  binding  affinity  with  immunogenicity  of  class  II 
epitopes  (3)  have  been  developed  but  have  yet  to  be  demonstrated  in  vivo. 

As  a  result  of  an  earlier  HER-2/neu  peptide  vaccine  study  incorporating  putative  HER-2/neu  T-helper 
epitopes  (1),  we  questioned  whether  formulating  a  peptide  vaccine  comprised  of  multiple 
immunogenic  class  II  peptides  would  result  in  a  more  robust  immune  response.  Thus,  in  this  study  we 
evaluated  whether  active  immunization  with  a  multi-peptide  vaccine  comprised  of  four  HER-2/neu  T 
helper  epitopes  which  had  been  identified  as  the  most  immunogenic  in  a  previous  study,  would 
generate  HER-2/neu  peptide-  and  protein-specific  immunity.  Furthermore,  we  questioned  if  in  vitro 
DR  binding  affinity  could  predict  the  in  vivo  immunogenicity  of  these  antigenic  HER-2/neu  helper 
peptides 
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METHODS  AND  MATERIALS 


Patient  population.  The  University  of  Washington  Human  Subjects  Division  and  the  United  States 
Food  and  Drag  Administration  approved  a  Phase  I  trial  of  a  HER-2/neu  multi-peptide  vaccine.  Ten 
patients  with  HER-2/neu  overexpressing  Stage  III  (n=5)  or  IV  (n=4)  breast,  and  stage  III  non-small  cell 
lung  cancer  (n=l)  gave  informed  consent  and  were  enrolled  in  the  study  according  to  institutional  and 
federal  regulations.  Median  age  was  54  (range  40-69)  years  and  median  time  from  last  chemotherapy 
was  10  (range  8-16)  months.  Criteria  for  entry  to  the  study  were  identical  to  previously  described 
vaccine  trials  (1).  Four  peptides  derived  from  the  HER-2/neu  protein  sequence  were  formulated  into  a 
single  vaccine  and  admixed  with  125  pg.  GM-CSF  (Immunex  Corporation,  Seattle,  WA).  Vaccines 
were  administered  intradermally  once  monthly  for  6  months  to  the  same  regional  draining  lymph  node 
site.  Toxicity  was  graded  according  to  NCI  Common  Toxicity  Scoring  defined  prior  to  August  1998 
(4).  Ten  patients  met  eligibility  criteria  and  were  enrolled  on  the  study,  9  of  whom  completed  all  6 
vaccines.  Two  patients  did  not  complete  the  study,  1  due  to  progressive  disease  requiring  treatment 
during  the  vaccine  series.  The  other  patient  dropped  out  of  the  study  for  personal  reasons  prior  to 
completing  scheduled  immunologic  follow-up  after  completing  the  vaccine  series.  Immune  response 
data  presented  here  details  the  8  patients  who  completed  all  6  vaccines  and  scheduled  immunologic 
follow-up. 

HER-2/neu  multi-peptide  based  vaccine.  Four  peptides  derived  from  the  HER-2/neu  protein  sequence 
were  identified  as  being  the  most  immunogenic  after  analysis  of  a  previously  performed  Phase  I  study 
in  which  nine  HER-2/neu  peptides  were  used  to  formulate  three  peptide-based  vaccines  (1).  The  four 
peptides  were  determined  to  be  the  most  immunogenic  based  on  the  ability  to  generate  a  detectable 
immune  response  after  active  immunization  in  the  greatest  number  of  patients  (Table  1).  The  peptides 
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were  constructed  and  formulated  as  previously  described  (1).  The  four  HER-2/neu  peptides  included 
in  the  current  vaccine  formulation  were;  p98-114  (p98),  p369-384  (p369)  derived  from  the 
extracellular  domain  (ECD)  of  the  HER-2/neu  protein  and  p776-790  (p776)  and  p927-941  (p927) 
derived  from  the  intracellular  domain  (ICD)  of  the  HER-2/neu  protein  (Corixa  Corp.,  Seattle,  WA). 
The  peptide  dose  in  each  vaccination  was  500  pg/peptide. 

HER-2/neu  peptide  binding  affinity  for  Class  II MHC.  Binding  of  HER-2/neu  derived  peptides  to 
HLA-DR  molecules  was  tested  using  competitive  inhibition  assays  performed  as  previously  described 
(3).  Briefly,  purified  human  class  II  molecules,  5  to  500  nM,  an  excess  of  125I-radiolabeled  probe 
peptides,  and  various  doses  of  each  unlabeled  peptide  were  co-incubated  for  48  hours  in  the  presence 
of  a  protease  inhibitor  cocktail.  Following  the  incubation  period,  MHC-peptide  complexes  were 
separated  from  unbound  radiolabeled  peptide  by  one  of  two  methods:  size-exclusion  gel-filtration 
chromatography,  or  capture  of  complexes  utilizing  anti-DR  mAb  LB3.1.  The  percent  of  bound 
radioactivity  was  then  determined.  The  concentration  of  unlabeled  peptide  required  to  inhibit  the 
binding  of  the  labeled  peptide  by  50%  (IC5o)  was  determined  by  plotting  dose  versus  %  inhibition. 
Under  conditions  where  [label]  <  [MHC]  and  IC50  >  [MHC],  the  measured  IC50  values  are  reasonable 
approximations  of  true  Kd  values.  Significant  binding  affinity  was  defined  as  1500  nM. 

Detection  of  peripheral  blood  T  cell  responses.  T  cell  proliferation  was  assessed  using  a  modified 
limiting  dilution  assay  designed  for  detecting  low  frequency  lymphocyte  precursors  based  on  Poisson 
distribution  (5)  and  as  previously  described  (6).  Results  are  reported  as  a  standard  stimulation  index 
(SI),  defined  as  the  mean  of  all  24  experimental  wells  divided  by  the  mean  of  the  control  wells  (no 
antigen).  Phytohemagglutinin  incubated  with  patient  T  cells  at  a  concentration  of  5  pg/ml,  was  used  as 
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a  positive  control  for  the  ability  of  T  cells  to  respond  to  antigen  and  resulted  in  an  S.I.  >  2,0  in  all 
assays  reported  (data  not  shown).  Peripheral  blood  mononuclear  cells  (PBMC)  from  30  female 
volunteer  donors  without  cancer,  age  range  32-58,  were  evaluated  in  similar  assays  to  establish 
baseline  values.  The  mean  and  3  standard  deviations  of  the  T  cell  response  in  the  reference  population 
to  any  of  the  HER-2/neu  antigens  tested  was  a  maximum  S.I.  of  1.98,  therefore  an  S.I.  >  2  was 
considered  evidence  of  an  immunized  response.  If  subjects  had  a  S.I,  >  2  at  baseline,  i.e.  pre-existent 
immunity  to  HER-2/neu  (7),  a  post-vaccination  response  was  defined  as  positive  if  it  was  a  minimum 
of  2  times  baseline. 

Determination  ofHER-2/neu  peptide  antibodies.  96-well  microtiter  plates  (Dynex  Technologies,  Inc., 
Chantilly,  VA),  were  coated  with  HER-2/neu  peptides  at  a  concentration  of  20  pg/ml,  diluted  with 
carbonate  buffer  and  added  at  50  pi  per  well  alternating  with  wells  coated  with  50  pl/well  of  carbonate 
buffer  alone.  One  row  consisted  of  purified  IgG  (Sigma  Chemical  Co.,  St.  Louis,  MO)  to  generate  a 
standard  curve.  After  overnight  incubation,  all  wells  were  blocked  with  1%  casein/PBS,  100  pl/well 
and  incubated  at  room  temperature  for  1-2  hours.  Plates  were  then  washed  with  a  0.15%  casein/1  % 
PBS/0.05%  Tween-20  wash  buffer  4  times  before  experimental  serum  diluted  in  10%  FCS/PBS/1% 
BSA/25  pg/ml  mouse  IgG  was  added  at  1:100,  1:200,  1:  400  and  1:800  dilutions.  Plates  were 
incubated  for  2  hours  at  room  temperature.  Plates  were  then  washed  4  times  with  casein-based  wash 
and  incubated  for  45  minutes  at  room  temperature  after  addition  of  50  pl/well  IgG-HRP  conjugate 
(Zymed  Laboratories,  San  Francisco,  CA)  diluted  1:10,000  in  PBS/BSA  buffer.  After  a  final  4  washes 
with  casein-based  wash  buffer,  TMB  reagent  (Kirkegaard  and  Perry  Laboratories,  Gaithersburg,  MD) 
was  added  75  pl/well  and  color  reaction  read  at  640  nm  until  the  well  containing  the  0.16  pg/ml 
standard  reached  an  OD  of  0.3.  Reactions  were  stopped  with  75  pl/well  IN  HCL  and  read  at  450  nm. 
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The  OD  of  each  serum  dilution  was  calculated  as  the  OD  of  the  peptide-coated  wells  minus  the  OD  of 
the  buffer-coated  wells.  Values  for  pg/ml  were  calculated  from  the  log-log  equation  of  the  line  for  the 
standard  curve  on  each  plate.  A  positive  sample  was  defined  as  an  antibody  concentration  greater  than 
the  mean  of  a  volunteer  blood  donor  population  and  3  standard  deviations,  0.07+/-0.26  pg/ml  (n=108). 
Some  patients  did  have  pre-existent  detectable  antibody  immunity  to  an  immunizing  peptide  and  were 
only  considered  to  have  responses  if  they  boosted  the  antibody  level  to  twice  their  baseline  value.  The 
accuracy  of  the  HER-2/neu  peptide  antibody  assay  was  described  with  an  average  coefficient  of 
variation  (CV)  of  12%,  linearity  by  a  correlation  coefficient  of  0.97.  Based  on  repeated  measures  of  20 
volunteer  and  20  experimental  sera  over  a  6-month  period  the  intra  and  inter-assay  coefficient  of 
variations  were  12%  and  18%,  respectively. 

Determination  of  HER-2/neu  protein  antibodies.  Analyses  were  performed  as  previously  described 
(7).  Serum  from  a  patient  with  a  documented  HER-2/neu  specific  antibody  response  was  used  as  a 
positive  control  (8).  A  positive  sample  was  defined  as  an  antibody  concentration  greater  than  the  mean 
of  a  volunteer  blood  donor  population  and  2  standard  deviations,  0.20+/-0.4  pg/ml  (n=200).  Positive 
results  were  confirmed  by  Western  blot  analysis.  Some  patients  did  have  pre-existent  detectable 
antibody  immunity  to  the  HER-2/neu  protein  and  were  only  considered  to  have  responses  if  they 
boosted  the  antibody  level  to  twice  their  baseline  value.  The  specificity  of  the  assay  was  78%  and 
sensitivity  90%.  The  accuracy  of  the  HER-2/neu  protein  antibody  assay  was  described  with  an  average 
CV  of  10%,  linearity  by  a  correlation  coefficient  of  0.99.  Based  on  repeated  measures  of  20  volunteer 
and  20  experimental  sera  over  a  6-month  period  the  intra  and  inter-assay  coefficient  of  variations  were 
15%  and  9%,  respectively. 
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Statistical  methods.  To  determine  whether  the  percentage  of  patients  who  developed  an  immune 
response  after  active  immunization  correlated  with  the  number  of  DR  alleles  with  significant  binding 
for  specific  alleles,  Pearson's  correlation  coefficient  was  estimated.  The  data  used  for  this  analysis 
were  simply  the  percentage  of  patients  with  a  response  for  a  particular  peptide  and  the  corresponding 
percentage  of  alleles  with  significant  binding.  No  adjustment  was  made  to  account  for  the  fact  that  the 
number  of  patients  immunized  with  a  particular  peptide  varied,  as  this  number  was  relatively  constant 
(11  to  14). 
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RESULTS 


Immunodominant  HER-2/neu  peptide  epitopes  determined  by  in  vivo  immunogenicity  also  bind  MHC 
class  II  molecules  with  high  affinity.  Nine  peptides  used  in  active  immunization  in  a  previously 
reported  study  (1),  were  analyzed  for  their  binding  affinity  to  14  HLA-DR  alleles  (Table  2).  Of  the 
nine  peptides  evaluated  p98,  p369,  p776  and  p927  were  considered  the  most  immunogenic  in  vivo  and 
formulated  into  a  single  vaccine  used  in  the  current  study  (Table  1).  All  14  DR  alleles  tested  were 
shown  to  have  high  in  vitro  binding  affinity,  defined  as  1500  nM,  to  at  least  one  of  the  nine  HER-2/neu 
peptides  originally  assessed  (Table  2).  Five  of  9  peptides  had  high  binding  affinity,  in  vitro,  to  three  or 
more  of  the  14  DR  alleles  analyzed.  p328  and  p927  were  not  associated  with  significant  binding  of 
any  of  the  DR  alleles  evaluated. 

The  affinity  of  in  vitro  peptide  binding  correlates  with  in  vivo  immunogenicity.  Assessment  of  binding 
of  the  HER-2/neu  peptides  to  class  II  MHC  molecules  revealed  that  the  percentage  of  high  binding  DR 
alleles  for  a  given  peptide  significantly  correlated  with  the  percentage  of  patients  who  responded  to 
that  peptide  when  it  was  administered  as  a  vaccine,  R=0.76  (95%  Cl  is  0.50  to  1.0)  (Fig.  1). 

Patients  enrolled  had  MHC  Class  II  alleles  capable  of  binding  HER-2/neu  immunizing  peptides. 
Three  of  the  4  immunogenic  HER-2/neu  peptides,  p98,  p369,  and  p776,  used  for  vaccination  had  high 
in  vitro  binding  affinity  to  1  or  more  of  the  HLA-DR  alleles  analyzed  (Table  2).  All  8  patients 
evaluated  had  2  or  more  DR  alleles  associated  with  high  binding  affinity  of  HER-2/neu  peptides  in 
their  immunizing  mix  (Table  3). 
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The  minority  of  patients  immunized  with  the  vaccine  containing  peptides  associated  with  high  affinity 
binding  to  multiple  DR  alleles  developed  HER-2/neu  peptide-specific  T  cell  immunity  and  none 
developed  HER-2/neu  protein-specific  T  cell  immunity.  Figure  2  shows  the  pre-  and  post- 
immunization  T  cell  responses  of  the  8  patients  who  completed  6  vaccines.  Two  of  8  (25%)  patients 
developed  immune  response  to  at  least  one  of  the  HER-2/neu  peptides,  one  to  p369  (S.1 6.5)  and  one  to 
p776  (S.I.  2.4).  Four  patients  had  pre-existent  immune  responses  to  one  or  more  peptides,  3  patients  to 
p98  (S.I.  2.0,  17.3  and  18.1),  1  patient  to  p369  (S.I.  3.9),  3  patients  to  p776  (S.I.  2.7, 2.8,  and  2,9),  and 
3  patients  to  p927  (S.I.  2.8,  6.4,  and  6.7).  All  patients  who  had  pre-existent  immune  responses  had  a 
decrease  in  S.I.  post-immunization.  None  of  the  patients  developed  HER-2/neu  protein-specific 
immunity  after  peptide  immunization  (Fig.  2).  Five  patients  had  pre-existent  immune  responses  to 
either  ICD  or  ECD.  All  5  patients  had  pre-existent  immune  responses  to  ICD  (range  S.I.  4.2-11.6)  and 
3  of  the  5  patients  responded  to  ECD  prior  to  immunization  (range  S.I.  3.2-3.S).  All  5  patients  with 
pre-existent  immunity  had  a  decrease  in  S.I.  post-immunization. 

The  vaccine  was  very  well  tolerated  with  only  5  events  of  grade  1  toxicities  that  included  headache, 
hematuria,  chills,  and,  localized  infection  at  the  vaccination  site  in  4  patients.  No  patient  developed 
any  detectable  evidence  of  autoimmune  toxicity  particularly  in  organs  known  to  express  basal  levels  of 
HER-2/neu  protein  such  as  liver,  digestive  tract,  and  skin  (9). 

The  minority  of  patients  immunized  with  the  vaccine  containing  peptides  associated  with  high  affinity 
binding  to  multiple  DR  alleles  vaccine  developed  HER-2/neu  peptide-specific  antibody  immunity  and 
none  developed  HER-2/neu  protein-specific  antibody  immunity.  Figure  3  demonstrates  the  pre-  and 
post-immunization  peptide-  and  protein-specific  antibody  responses  of  the  8  patients  who  completed  6 


11 


vaccines.  Four  patients  developed  antibodies  to  one  or  more  HER-2/neu  peptides  in  the  peptide  mix,  2 
patients  to  p98  (1.1  and  2.07  pg/ml),  1  patient  to  p776  (4.6  pg/ml),  and  2  patients  to  p927  (1.6  and  2.3 
pg/ml).  None  of  the  patients  developed  HER-2/neu  protein-specific  antibodies  post-immunization. 
Only  a  few  patients  had  pre-existent  antibody  immune  responses  to  either  peptides  or  protein,  1  patient 
to  p98  (0.93  pg/ml)  and  2  patients  to  protein  (1,5  and  6.3  pg/ml). 
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DISCUSSION 


The  focus  of  this  study  was  to  immunize  patients  with  HER-2/neu  overexpressing  cancers  with  a 
multi-peptide  vaccine  comprised  of  four  HER-2/neu  peptides  that  had  been  identified  as  the  most 
immunogenic,  i.e.  those  that  generated  immunity  in  the  majority  of  patients  immunized  in  a  previous 
study  (1).  Further  analysis  demonstrated  that  these  four  HER-2/neu  peptides  were  associated  with  high 
affinity  binding  to  multiple  DR  alleles.  Thus,  immunodominant  HER-2/neu  peptide  epitopes 
determined  by  in  vivo  immunogenicity  also  bind  MHC  class  II  molecules  with  high  affinity  in  vitro. 
However,  only  a  minority  of  patients  immunized  with  the  multi-peptide  vaccine  developed  HER-2/neu 
peptide-specific  T  cell  or  antibody  immunity  and  none  developed  HER-2/neu  protein-specific 
immunity. 

The  in  vivo  immunogenicity  of  HER-2/neu  peptides  could  have  been  predicted  by  in  vitro  binding  to 
MHC  class  II  alleles.  It  is  well  known  that  MHC  class  I  molecules  recognize  small  peptide  epitopes, 
8-12  residues  in  size,  which  bind  specific  alleles  (10).  Binding  affinity  is  critical  to  MHC  class  I 
molecules  and  the  extent  to  which  epitopes  are  able  to  bind  determine  the  immunogenicity  of  the  given 
epitope  (11).  In  fact,  modification  of  peptide  motifs  to  increase  binding  results  in  improved 
immunogenicity  (12).  Investigators  have  shown  that  replacement  of  certain  amino  acids  in  the  peptide 
sequences  of  CEA  and  gplOO-derived  epitopes  result  in  enhanced  MHC  binding  and  induction  of  a 
greater  number  of  antigen  specific  CTL  (12,  13).  Several  algorithms  have  now  been  developed  to 
predict  peptide  binding  motifs  for  the  most  common  MHC  class  I  molecules.  Unlike  MHC  class  I, 
MHC  class  II  molecules  interact  with  larger  peptides,  are  promiscuous  and  are  able  to  bind  multiple 
alleles  (3,  14).  In  vitro  binding  studies  have  suggested  that  high  affinity  binding  to  MHC  class  II 
molecules  is  associated  with  immunogenicity  of  a  given  peptide  epitope  (3).  Data  presented  here  in 
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the  present  study  demonstrates  that  binding  is  able  to  predict  the  immunogenicity  of  class  II  peptides. 
Interestingly,  the  peptide,  p927,  which  was  shown  to  be  immunogenic  in  vivo  demonstrated  low 
affinity  DR  allele  binding  in  vitro.  This  observation  is  not  surprising  as  several  studies  investigating 
tolerance  in  autoimmune  disease  models  have  described  epitopes  displaying  only  negligible  affinity  for 
MHC  class  II  molecules  that  occasionally  become  immunodominant  in  preference  to  other  epitopes 
known  to  display  far  higher  binding  affinities  (15).  Although  we  made  our  vaccine  based  on  the  in 
vivo  response  from  a  previous  study  we  could  have  used  binding  affinity  to  predict  immunogenicity  of 
peptides  and  predicted  nearly  the  same  vaccine  formulation. 

Unlike  the  parent  study  (1),  few  patients  enrolled  in  this  trial  developed  an  immune  response  to  HER- 
2/neu  after  active  immunization  with  the  four  selected  immunodominant  HER-2/neu  peptides.  This 
current  study  utilized  the  same  constructed  peptides,  as  well  as  the  same  dose  and  route  of 
administration  as  in  the  parent  trial  (1)  so  one  would  expect  the  vaccine  to  elicit  peptide  and  protein 
specific  immunity.  The  four  peptides  used  were  highly  immunogenic  in  vivo  and  three  of  the  four 
peptides  had  high  binding  affinity  for  several  DR  alleles  in  vitro.  Furthermore,  all  the  patients  had 
HLA-DR  alleles  which  were  capable  of  binding  one  or  more  of  the  three  high  binding  peptides.  A 
possible  explanation  for  the  lack  of  observed  immune  response  is  potential  competition  of  the 
immunodominant  epitopes  at  the  level  of  the  MHC  or  T  cell.  MHC  restricted  epitopes  have  to 
compete  with  other  peptides  presumably  at  different  levels  and  several  factors  such  as  enzymatic 
stability,  uptake,  intracellular  transport,  number  of  peptide  molecules,  flanking  sequences,  MHC 
binding,  and  T  cell  repertoire  may  influence  the  selection  of  immunogenic  peptides  (16).  Competition 
at  the  level  of  the  T  cell  may  also  occur  and  studies  have  shown  that  T  cells  directly  compete  with  each 
other  for  antigen  suggesting  that  epitope  dominance  may  be  the  result  of  competitive  interactions 
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between  antigen  bearing  APC  and  T  cells  (17).  Of  note,  however,  studies  in  animal  models  using 
vaccines  comprised  of  multiple  class  I  epitopes  have  not  supported  lack  of  immunogenicity  due  to 
competition  (18).  Recent  investigations  using  multi-epitope  polypeptide  vaccines  comprised  of  high 
binding  epitopes  (9  CTL  and  PADRE  epitopes)  have  been  shown  to  induce  both  CD8+  IFN-y  and  T- 
helper  lymphocyte  immune  response  (18). 

Another  potential  reason  for  the  lack  of  immune  response  after  active  immunization  is  theoretical 
immunosuppression  in  advanced  stage  disease  cancer  patients.  Although  the  majority  of  patients  in 
this  study  had  advanced  stage  disease  they  were  treated  to  a  minimal  or  non-detectable  disease  state 
prior  to  enrolling  in  study.  Furthermore,  the  patients  in  this  study  were  similar  to  the  cohort  of  patients 
in  the  previous  study  (1)  in  regards  to  age,  disease  burden  and  time  from  last  chemotherapy. 
Lymphocyte  PHA  responses  in  this  population  did  not  differ  significantly  from  normal  donors  (data 
not  shown).  Previous  peptide  vaccine  studies  by  our  group  have  demonstrated  the  ability  to  induce 
significant  immune  responses  in  heavily  treated  patients  with  minimal  disease  burden  (1, 2). 

Our  goal  was  to  determine  the  immunogenicity  of  a  multi-peptide  vaccine.  Although  predicted  to  be 
immunogenic  by  a  previous  study,  the  selected  immunodominant  peptides  did  not  elicit  immunity  in 
vivo  when  formulated  into  a  single  vaccine.  However,  in  vitro  binding  studies  of  the  selected  peptides 
did  demonstrate  high  binding  affinity  which  correlated  with  the  development  of  immune  response  seen 
in  the  previous  study.  To  our  knowledge,  this  is  one  of  the  first  studies  to  demonstrate  that  in  vitro 
MHC  binding  affinity  can  predict  the  in  vivo  immunogenicity  of  MHC  class  II  peptides.  This 
correlation  has  significant  implications  in  identifying  immunogenic  peptides  when  designing  multi- 
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peptide  vaccines.  However,  combination  of  immunodominant  epitopes  in  a  single  vaccine  may  inhibit 
immunogenicity. 
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FIGURE  LEGENDS 


Table  1 .  Immmunodominant  HER-2/neu  peptide  epitopes  determined  by  in  vivo  immunogenicity  also 
bind  class  II  molecules  with  high  affinity.  Shown  is  the  number  and  percentage  of  patients  who 
developed  specific  T  cell  responses  to  9  HER-2/neu  peptides  (S.I.>2)  when  those  peptides  were 
administered  as  a  vaccine  (1).  The  number  and  percentage  of  HLA-DR  alleles  associated  with  in  vitro 
high  binding  affinity  of  the  9  HER-2/neu  peptides  are  also  shown.  Data  is  based  on  analysis  of  14 
HLA-DR  alleles. 

Table  2.  Binding  affinities  of  HER-2/neu  peptides  with  common  class  II  alleles.  The  binding 
specificities  of  14  HLA-DR  alleles  for  nine  different  HER-2/neu  derived  peptides  are  shown.  Peptides 
which  bind  at  1500  nM  are  considered  to  bond  HLA-DR  with  high  affinity  (shaded  boxes). 

Table  3.  Patients  enrolled  had  MHC  Class  II  alleles  capable  of  binding  HER-2/neu  immunizing 
peptides.  Shown  are  the  HLA-DR  allele  types  of  patients  immunized  on  this  study.  Bold  checkmarks 
(/)  represent  DR  allele  types  for  individual  patients.  The  HER-2/neu  peptides  associated  with  high 
affinity  binding  are  listed  above  the  appropriate  alleles. 

Figure  1.  The  affinity  of  in  vitro  peptide  binding  correlates  with  in  vivo  immunogenicity.  Shown  is  the 
correlation  coefficient  for  the  percentage  of  high  binding  DR  alleles  for  a  given  peptide  and  the 
percentage  of  patients  who  developed  immune  responses  after  active  immunization  in  a  previous  study 
(!)• 
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Figure  2.  The  minority  of  patients  immunized  with  the  vaccine  containing  peptides  associated  with 
high  affinity  binding  to  multiple  DR  alleles  developed  HER-2/neu  peptide-specific  T  cell  immunity  and 
none  developed  HER-2/neu  protein-specific  T  cell  immunity.  Shown  are  pre-  and  post-immunization 
peptide-  and  protein-specific  T  cell  responses.  Open  circles  represent  pre-immunization  T  cell 
response.  Solid  black  circles  represent  post-immunization  T  cell  response.  The  dotted  line  defines 
mean  and  2  standard  deviations  of  30  aged  matched  controls. 

Figure  3.  The  minority  of  patients  immunized  with  the  vaccine  containing  peptides  associated  with 
high  affinity  binding  to  multiple  DR  alleles  developed  HER-2/neu  peptide-specific  antibody  immunity 
and  none  developed  HER-2/neu  protein-specific  antibody  immunity.  Shown  are  pre-  and  post¬ 
immunization  peptide-  and  protein-specific  antibody  responses.  Open  circles  represent  pre¬ 
immunization  antibody  response.  Solid  black  circles  represent  post-immunization  antibody  response. 
The  dotted  lines  define  mean  and  standard  deviations  of  controls  for  HER-2/neu  peptide  and  protein 
antibody  assays. 
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Abbreviations:  APC:  Antigen  presenting  cell 
CTL:  cytolytic  T  lymphocyte 
DC:  Dendritic  cell 
ip.:  intraperitoneal 
FBP:  folate  binding  protein 

GM-CSF:  Granulocyte-macrophage  colony-stimulating  factor 

HLA:  Human  leukocyte  antigen 

IFN-ot:  Interferon  alpha 

IFN-y:  Interferon_gamma 

IL-12:  Interleukin  12 

IL-2:  Interleukin  2 

iv.:  intravenously 

MHC:  Major  histocompatibility  complex 
NK:  Natural  killer  cells 
NKT:  Natural  killer  T  cells 
STn:  sialyl-Tn 

TAL:  tumor  associated  lymphocytes 
TIL:  tumor  infiltrating  lymphocytes 

Synopsis:  Ovarian  tumors  are  immunogenic  and  several  ovarian-related  antigens  have  been  identified.  In  addition, 
the  immunologic  characteristics  of  the  tumor  microenvironment  that  may  affect  ovarian  cancer  growth  are  becoming 
increasingly  understood.  The  type  of  immune-based  approach  selected  to  treat  ovarian  cancer  will  depend  on  the 
tumor  burden.  For  minimal  disease  states,  active  vaccination  may  be  useful  for  generating  adequate  protection  from 
relapse.  However,  for  more  advanced  stage  disease  states,  more  rigorous  strategies  may  need  to  be  applied  such  as 
adoptive  T  cell  therapy,  cytokine  infusions,  antibody  therapy  or  a  combination  of  different  techniques.  The 
immunosuppressive  environment  observed  during  advanced  malignancy  needs  to  be  reversed  for  improved  efficacy 
of  immune-based  therapies. 
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I.  Introduction 


Immune-based  therapies  for  the  treatment  of  ovarian  cancer  are  now  being  designed  to  circumvent  specific 
biologic  problems  that  have  been  identified  from  studies  of  the  native  immune  response  to  ovarian  cancer. 
Advances  in  basic  immunology  over  the  past  decade  have  resulted  in  the  development  of  immune-based  therapies 
for  ovarian  cancer.  Perhaps  the  most  important  advances  are  the  understanding  that  ovarian  tumors  are 
immunogenic  and  the  identification  of  tumor-specific  antigens.  Some  of  the  identified  tumor  antigens  are  important 
for  malignant  transformation  while  and  others  enhance  growth,  metabolism,  invasion  or  metastasis  of  tumors. 
Immune-based  therapies  targeting  these  antigens  may  result  in  the  eradication  of  tumor  cell  clones  that  drive  the 
initiation  of  malignancy,  or  help  eradicate  minimal  residual  disease  after  apparently  successful  conventional 
treatments. 

The  roles  of  the  immune  and  tumor  microenvironments  in  ovarian  cancer  greatly  influence  our  approach  to 
the  design  of  immunotherapies.  In  order  to  augment  the  immune  response  to  ovarian  cancer  antigens,  not  only  is  the 
stimulation  of  both  CD8  cytotoxic  T  cell  (CTL)  and  CD4  helper  T  cell  immunity  critically  important,  tumor-induced 
immunosuppression  must  also  be  overcome.  Immune -based  therapies  are  being  applied  clinically,  both  for 
treatment  and  prevention.  Vaccines  targeting  tumor  antigens  are  increasingly  being  viewed  and  studied  as 
chemopreventive  agents  designed  to  protect  against  cancer  relapse  or  development.  Established  disease  is  being 
treated  with  immune-based  approaches,  such  as  monoclonal  antibody  therapy,  adoptive  immunotherapy,  and 
intraperitoneal  (ip.)  cytokine  therapy. 

II.  Ovarian  cancer  tumor  antigens 

Malignant  transformation  results  in  altered  expression  of  many  genes  that  are  related  to  normal  cell  growth 
control  and  differentiation.  A  variety  of  mechanisms  are  responsible  for  this  altered  expression  including  gene 
amplification,  somatic  DNA  mutation  and  gene  translocation.  Overexpression  can  result  in  immune  recognition  and 
several  tumor  antigens  have  been  identified  by  virtue  of  specific  immunity  induced  in  patients  with  ovarian  tumors. 
The  majority  of  tumor  antigens  expressed  are  non-mutated,  therefore,  they  are  self  antigens.  Examples  of  some  of 
the  well-studied  tumor  antigens  that  have  been  identified  and  characterized  in  ovarian  cancer  are  the  overexpressed 
proteins,  folate  binding  protein  (FBP),  HER-2/neu,  MAGE-1,  and  MUC-1.  Targeting  immune-based  therapies 
against  these  tumor  antigens  is  challenging  because  tolerance  to  self  antigens  must  be  overcome. 
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In  addition  to  non-mutated  antigens,  other  antigens  harbor  mutations  that  can  cause  abnormal  function  as 
well  as  overexpression.  The  tumor  suppressor  gene,  p53,  is  an  example  of  one  of  these  proteins  and  is  often 
observed  in  ovarian  cancers.  Defects  in  post-translational  modifications  can  also  result  in  the  appearance  of  tumor 
antigens.  For  example,  glycosylation  of  proteins  is  often  altered  during  malignancy.  Sialyl-Tn  (STn),  observed  at 
high  frequency  on  ovarian  cancers,  is  a  well-characterized  aberrantly  expressed  carbohydrate  antigen  that  is 
recognized  by  the  immune  system. 

One  of  the  more  extensively  studied  ovarian  cancer  antigens  is  FBP,  a  membrane-associated  glycoprotein 
that  mediates  the  intracellular  transport  of  folates.  FBP  was  initially  identified  as  a  monoclonal  antibody-defined 
antigen  in  placenta  and  trophoblastic  cells  but  rarely  found  in  other  issues  [1,2].  FBP  is  expressed  in  greater  than 
90%  of  ovarian  carcinomas  [1,  2].  In  vitro  quantitative  autoradiographic  studies  have  shown  FBP  to  be 
overexpressed  up  to  80-90  fold  in  non-mucinous  ovarian  carcinomas  compared  with  normal  ovarian  tissue  [2].  This 
enhanced  expression  at  the  cell  surface  of  ovarian  cancers  has  led  to  development  of  FBP  as  a  target  for  immune- 
based  therapies.  FBP  is  a  naturally  immunogenic  tumor  antigen.  For  example,  Peoples  and  colleagues 
demonstrated  that  two  FBP  peptides  (E39  and  F41)  could  be  recognized  by  ovarian  tumor-associated  lymphocytes 
(TAL).  Stimulation  of  TAL  with  these  peptide  epitopes  resulted  in  antigen-specific  proliferation,  cytokine  (IFN-7) 
release  and  enhanced  cytoxicity  toward  antigen-bearing  autologous  tumor  cells  [1].  An  equally  important  property 
of  FBP  is  that  in  vitro  and  in  vivo  evidence  suggests  that  it  confers  some  advantage  to  tumor  cell  growth.  Bottero 
and  colleagues  have  shown  that  NIH  3T3  cells  transfected  with  FBP  maintained  a  rapid  growth  rate  in  vitro  longer 
in  physiologic  concentrations  of  folate  compared  to  nontransfected  NIH  3T3  cells.  In  nude  mice,  FBP-transfected 
NIH  3T3  cells  grew  to  a  3-fold  greater  weight  over  the  same  time  period  compared  to  nontransfected  cells  [3].  FBP 
has  been  and  continues  to  be  the  target  of  various  immune-based  strategies  as  will  be  discussed  below. 

The  HER-2/neu  protein  is  a  member  of  the  epidermal  growth  factor  receptor  family  and  consists  of  a 
cysteine-rich  extracellular  ligand  binding  domain,  a  transmembrane  domain,  and  an  intracellular  domain  with 
tyrosine  kinase  activity  [4,  5].  HER-2/neu  is  a  self  protein  that  is  expressed  at  low  levels  in  a  variety  of  tissues  of 
epithelial  origin  and  plays  a  fundamental  role  in  cellular  proliferation  and  differentiation  in  fetal  development.  In 
adults,  the  HER-2/neu  gene  is  present  as  a  single  copy  in  normal  cells;  however,  amplification  of  the  gene  and 
resultant  protein  overexpression  is  seen  in  various  cancers  including  ovarian.  The  overexpression  of  HER-2/neu  in 
ovarian  cancer  was  initially  observed  in  10-30%  of  newly  diagnosed  primary  ovarian  cancers  of  all  stages  [6].  More 
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recently,  HER-2/neu  overexpression  has  been  found  to  be  more  frequent  in  ovarian  cancers  relapsing  after 
chemotherapy  [7].  Recent  studies  by  Hellstrom  and  colleagues  demonstrated  that  tumor  cell  lines  established  from 
ovarian  tumors  as  well  as  tumor  cells  from  malignant  ascites  obtained  at  second  surgery  after  relapse,  overexpressed 
HER-2/neu  protein  as  assessed  by  flow  cytometry  [7].  This  was  true  despite  the  primary  tumors  being  HER-2/neu 
negative  upon  initial  immunohistological  analysis  suggesting  a  shift  from  HER-2/neu  negative  to  positive  when  the 
tumor  had  regrown  after  chemotherapy  [7].  Thus,  it  is  possible  that  overexpression  of  HER-2/neu  becomes  more 
common  as  ovarian  carcinomas  progress,  and  therefore,  anti-HER-2/neu  immune -based  therapies  and  vaccines  may 
be  beneficial  in  patients  with  ovarian  cancer  including  those  with  negative  tumors  at  primary  surgery. 

The  MAGE  gene  family  comprises  a  series  of  12  closely  related  genes  that  are  expressed  in  a  variety  of 
tumors  [8].  These  proteins  are  part  of  a  larger  family  of  cancer-testis  antigens.  Some  recent  investigations  suggest 
that  MAGE  gene  products  may  be  involved  in  cell  cycle  regulation,  although  their  exact  role  in  cell  biology  remains 
to  be  defined  [9].  These  proteins  have  been  studied  extensively  in  the  case  of  melanoma  and  are  known  to  be 
immunogenic,  making  them  attractive  targets  for  immunotherapies.  MAGE-1  and  MAGE-3  encode  peptide 
antigens  that  are  presented  in  association  with  HLA  class  I  molecules  and  are  recognized  by  CTLs  and  could  be 
targets  for  specific  immunotherapy.  Studies  have  demonstrated  MAGE  gene  expression  in  ovarian  cancer  as  well  as 
other  related  tumor  antigens,  BAGE  and  GAGE  [10].  Gillespie  and  colleagues  found  expression  of  the  MAGE-1 
gene  in  56%  of  malignant  ovarian  tissue  specimens  with  preferential  expression  in  serous  tumors  (71%)  and 
relatively  infrequent  expression  (22%)  in  other  tumors  of  epithelial  origin  [8].  In  addition,  analysis  of  MAGE- 1 
expression  in  serous  cystadenocarcinomas  revealed  a  trend  toward  expression  in  early  stage  disease  (6/6  stage  I 
lesions  and  4/8  stage  II,  III,  and  IV  lesions)  [8].  These  findings  suggest  the  potential  for  expanding  MAGE  peptide 
vaccine  studies  to  include  some  forms  of  ovarian  cancer,  specifically  serous  cystadenocarcinomas. 

The  MUC-1  gene  encodes  a  high  molecular  weight  cell-surface  glycoprotein  with  a  complex  cytoplasmic 
domain  thought  to  be  involved  in  signal  transduction  [1 1].  MUC-1  is  expressed  by  most  glandular  epithelial  cells 
and  is  often  overexpressed  by  epithelial  cancers,  specifically  breast  and  ovarian  cancer.  It  has  been  implicated  as  an 
important  modulator  of  adhesion  and  metastasis  [11].  Both  CTL  and  CD4  T  helper  cells  specific  for  the  MUC-1 
core  peptide  have  been  observed  in  multiple  studies  of  immunity  to  carcinomas  of  the  ovaries,  breast  and  other 
tissues  [12-14].  This  has  generated  interest  in  evaluating  the  utility  of  targeting  MUC-1  in  specific 
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immunotherapies.  Although  the  majority  of  MUC-1 -specific  immunotherapies  are  directed  toward  colorectal  and 
breast  cancers,  MUC-1  also  appears  to  be  a  promising  target  in  ovarian  cancer. 

Malignant  tissues  may  express  mutated  or  wild  type  p53,  either  of  which  can  be  immunogenic  and  thus  a 
target  for  immune-based  therapies.  Mutations  of  the  p53  tumor  suppressor  gene  lead  to  a  functionally  inactive 
mutant  p53  protein  and  are  common,  in  ovarian  cancers,  occurring  in  approximately  50%  [15].  Ovarian  cancers  are 
known  to  be  among  the  most  immunogenic  malignancies  inducing  an  anti-p53  autoantibody  response  [16].  The 
prevalence  of  anti-p53  antibodies  in  patients  with  invasive  cancer  was  19%,  whereas  no  circulating  anti-p53 
antibodies  were  detected  in  patients  with  borderline  or  benign  lesions.  Anti-p53  antibodies  were  detectable  only  in 
patients  with  p53  protein  overexpression  in  their  tumors,  and  the  presence  of  anti-p53  antibodies  correlated  with 
tumor  stage  and  grade  and  shortened  overall  survival  and  relapse-free  survival  [17].  Naturally  expressed  peptide 
epitopes  have  been  identified  for  the  development  of  active  immunization  strategies  aimed  at  augmenting  p53- 
specific  T  cell  immunity  [18,  19]. 

Carbohydrate  epitopes  can  be  immunogenic  in  malignancies  due  their  overexpression  or  their  cellular 
distribution.  STn,  a  disaccharide,  is  a  blood  group-related  carbohydrate  antigen  that  belongs  to  the  mucin  core 
family.  It  is  has  been  reported  to  be  overexpressed  in  31  to  100%  of  ovarian  carcinomas  and  has  been  shown  to  be 
an  independent  predictor  of  poor  prognosis  in  patients  with  epithelial  ovarian  cancer.  Kobayashi  and  colleagues 
found  that  levels  of  STn  were  significantly  higher  in  the  sera  of  patients  with  ovarian  cancer  when  compared  with 
levels  in  benign  and  healthy  controls  [20].  In  addition,  the  survival  rate  for  patients  with  STn  negative  versus  STn 
positive  ovarian  tumors  was  76%  versus  10.8%,  respectively  and  the  progression-free  interval  at  5  years  was  51.9% 
versus  5.4%  respectively  [20].  Further  multivariate  regression  analysis  demonstrated  that  stage,  residual  tumor  size, 
positive  STn,  performance  status,  and  histologic  grade  were  the  five  important  variables  for  predicting  overall 
survival  [20].  Although  STn  has  been  an  appealing  tumor  antigen  since  it  was  first  identified,  one  of  the  major 
issues  has  been  in  defining  its  distribution  on  ovarian  carcinomas  in  efforts  to  aid  in  the  choice  of  antigenic  targets 
for  both  passive  and  active  immunotherapy.  Recent  studies  examining  the  distribution  of  STn  and  other 
carbohydrate  antigens  have  demonstrated  a  significant  difference  in  antigen  expression  between  mucinous  and  other 
histological  types  of  ovarian  carcinoma  [21].  Federici  and  colleagues  found  the  majority  of  mucinous  tumors  to 
have  a  strong  and  relative  uniform  expression  of  STn  whereas  in  serous  tumors,  STn  was  less  frequently  expressed 
or  the  expression  was  very  heterogeneous  [21].  So  while  STn  would  be  a  good  target  antigen  for  patients  with 
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mucinous  tumors,  serous  tumors  may  require  distinct  immune-based  approaches.  In  serous  tumors,  other 
carbohydrate  antigens  such  as  Ley  and  H  type  2a  which  are  highly  overexpressed,  may  be  the  preferred  targets  [21]. 

Several  tumor  antigens  have  now  been  identified  that  could  be  targets  for  immune-based  approaches  for  the 
treatment  and  prevention  of  ovarian  cancer.  In  addition  to  those  antigens  that  are  mutated  or  result  from  aberrant 
posttranslational  changes,  others  are  normal  but  over-expressed  and  play  critical  roles  in  malignant  transformation  or 
other  important  tumor  cell  processes.  Augmenting  the  immune  response  to  these  normal  self  proteins  will  require 
additional  efforts  to  overcome  tolerance.  As  the  tumor  burden  increases,  the  tumor  microenvironment  can  suppress 
the  immune  response.  Thus,  designing  therapies  targeting  specific  antigens  in  patients  with  significant  disease 
burden  will  involve  overcoming  immunosuppression. 

III.  The  immunosuppressive  ovarian  cancer  microenvironment 

The  tumor  microenvironment  is  hostile  to  immune  effectors,  and  tends  to  induce  immune  tolerance, 
suppression  or  anergy.  Immune  evasion  may  be  due  to  reduced  processing  or  presentation  of  tumor-associated 
antigens,  inhibition  of  function  of  immune  effector  cells,  killing  of  immune  effector  cells,  or  reprogramming  of 
immune  effector  cells  to  mediate  inappropriate  immunity.  To  effect  these  perturbations  in  immunity,  ovarian 
carcinomas  secrete  a  multitude  of  immunosuppressive  factors,  including  into  the  serum  [22].  These 
immunosuppressive  factors  can  directly  inhibit  an  anti-tumor  response  or  promote  the  influx  of  immunoregulatory 
cells.  Ovarian  tumors  also  produce  a  significant  array  of  cell-bound  ligands  that  perturb  immune  functioning 
following  direct  contact  with  immune  effectors. 

The  ovarian  immune  microenvironment  involves  a  complex  network  of  cytokines  and  soluble  effectors  that 
suppress  immunity.  Recent  work,  for  example,  demonstrates  that  ovarian  tumors  express  significant  amounts  of  the 
chemokine,  stromal-derived  factor-1  (SDF-1)  [23].  Ordinarily,  SDF-1  is  involved  in  normal  embryogenesis, 
cardiogenesis,  and  hematopoiesis  [24].  However,  its  role  becomes  pathogenic  when  overexpressed  by  tumor  cells 
because  it  attracts  immature,  immune  inhibitory  dendritic  cells  (DC).  Specifically,  SDF-1  attracts  precursor 
plasmacytoid  dendritic  cells  (pPDCs)  through  pPDC  expression  of  the  chemokine  receptor,  CXCR4  [23].  SDF-1 
increases  pPDC  expression  of  adhesion  molecules  including  the  integrin  CD49d.  Expression  of  these  cell  surface 
molecules  facilitates  adhesion/transmigration  of  pPDC  into  the  tumor  microenvironment  [23].  pPDCs  are  able  to 
suppress  the  development  of  T  cell-mediated  immunity.  Recruited  pPDCs  induce  the  secretion  of  the 
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immunosuppressive  cytokine,  IL-10,  from  T  cells  into  the  tumor  microenvironment.  IL-10  is  an  anti-inflammatory 
cytokine  and  inhibits  tumor-specific  T  cell  proliferation,  as  well  as  infiltration  and  activation  of  antigen-presenting 
cell  (APC)  that  are  critical  in  the  initiation  of  an  immune  response.  Ordinarily  IL-10  would  induce  apoptosis  of  the 
pPDC  but  the  tumor-derived  SDF-1  strongly  inhibits  IL-10  induced  apoptosis  thereby  maintaining  a  persistent  pool 
of  intraperitoneal  pPDC.  Thus,  SDF-1  elaborated  by  the  tumor  helps  circumvent  activation  of  potentially 
therapeutic  immunity  by  causing  the  influx  and  maintenance  of  immunosuppressive  pPDCs.  Boosting  ovarian- 
specific  immunity  will  require  that  this  suppressive  mechanism  is  blocked.  Interruption  of  IL-10  production  or 
signals,  or  of  SDF-1/CXCR4  interactions  or  their  downstream  signals  are  potential  strategies  to  attempt  to  block 
immunosuppression.  SDF-1  and  IL-10  represent  only  2  of  many  immunosuppressive  soluble  factors  specific  for 
ovarian  cancer.  Other  soluble  factors  produced  in  the  ovarian  tumor  microenvironment  include  TGF-P  and  IAP, 
both  of  which  also  impair  tumor-antigen-specific  T  cell  immunity  [25].  VEGF  is  also  secreted  by  ovarian  tumors 
and  in  addition  to  its  angiogenic  and  permeability  effects,  it  is  known  to  directly  inhibit  the  maturation  of  DC 
resulting  in  inhibition  of  expansion  of  anti-tumor  immune  effectors  [26].  Thus,  many  soluble  factors  are  secreted  by 
the  ovarian  tumor  that  can  dampen  the  immune  response. 

In  addition  to  immature  DC,  another  immunosuppressive  cell  that  may  play  a  role  in  preventing  ovarian 
tumor  from  being  recognized  by  the  immune  response  is  the  CD4+CD25+  T  regulatory  (Treg)  cell.  Tregs  are  potent 
suppressors  of  CD4  and  CD8  T  cells  both  in  vivo  and  in  vitro .  Tregs  are  thought  to  play  a  critical  role  in 
maintaining  tolerance  to  self  antigens.  Their  absence  is  associated  with  the  development  of  autoimmune  and 
inflammatory  diseases  in  animal  models  [27].  A  significant  fraction  of  CD4  T  cells  in  ascites  of  patients  with 
ovarian  carcinoma  express  the  CD4+CD25+DR+  Treg  phenotype  and  could  contribute  to  pathogenesis  [28].  Tregs 
may  inhibit  attempts  to  induce  active  immunity  or  could  prevent  the  adequate  function  of  adoptively  transferred  T 
cells.  Strategies  could  be  designed  to  eliminate  peritoneal  associated  Tregs  prior  to  active  immunization,  such  as 
with  the  use  of  anti-CD25  antibodies. 

Ovarian  tumors  express  cytokine  receptors  and  cytokines  released  into  the  tumor  microenvironment  may 
augment  the  growth  of  ovarian  tumors.  For  example,  IL-6  has  been  implicated  in  the  pathogenesis  of  many  cancers 
including  ovarian.  IL-6  is  secreted  by  macrophages,  vascular  endothelium,  and  activated  T  cells  in  the  immune 
microenvironment.  The  major  roles  of  IL-6  are  to  induce  production  of  acute  phase  plasma  proteins  (e.g. 
fibrinogen)  and  to  promote  the  differentiation  of  B  cells.  High  levels  of  IL-6  have  been  observed  in  peritoneum  and 
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serum  of  patients  with  ovarian  cancer.  In  the  serum,  the  levels  of  IL-6  are  at  100-fold  higher  levels  as  compared  to 
healthy  disease-free  individuals  [29].  Elevated  IL-6  concentrations  in  the  blood  correlate  with  poor  disease-free  and 
overall  survival  in  ovarian  cancer  patients  [29].  IL-6  directly  enhances  invasiveness  of  ovarian  tumor  cells  by 
improving  the  tumor  cell’s  ability  to  attach  to  and  migrate  into  other  tissues  [30].  Conversely,  elevated  IL-6 
concentrations  in  the  peritoneum  are  correlated  with  increased  numbers  of  antigen-specific  B  and  memory  T  cells 
[31].  The  dichotomy  of  effects  of  IL-6  in  the  ovarian  cancer  microenvironment  underscores  the  complex 
interactions  present  in  the  peritoneum.  While  increased  levels  of  a  cytokine  such  as  IL-6  may  potentially  benefit  the 
development  of  an  immune  response,  ovarian  tumors  themselves  can  respond  directly  to  IL-6  for  enhanced  immune 
evasion  and  pathogenesis. 

Ovarian  tumors  also  express  cell  surface  receptors  that  can  also  impact  the  generation  of  an  immune 
response.  For  example,  ovarian  tumors  express  several  apoptosis  related  proteins,  notably  Fas,  FasL  and  B7-H1. 
The  Fas/FasL  system  plays  an  important  role  in  limiting  the  immune  response.  Fas/FasL  interactions  result  in 
apoptosis  of  Fas-expressing  cells  mediated  by  cross  linking  of  Fas  by  FasL.  Baldwin  and  colleagues  observed  that 
despite  abundant  expression  of  Fas,  primary  ovarian  tumor  cell  lines  are  resistant  to  FasL-mediated  apoptosis  [32]. 
This  resistance  likely  plays  a  significant  role  in  immune  evasion,  since  the  Fas/FasL  is  a  major  mechanism  by  which 
CTL  are  able  to  directly  kill  tumor  cells.  Ovarian  tumors  also  express  FasL  which  promotes  T  cell  dysfunction  and 
apoptosis.  Rabinowich  and  colleagues  reported  that  ovarian  tumors  express  FasL  in  situ  and  in  vitro ,  and  are 
capable  of  inducing  death  of  Fas-expressing  T  cells  [33].  They  also  observed  that  engagement  of  Fas  on  T  cells  by 
FasL-expressing  ovarian  tumor  cells  played  a  role  in  down-regulation  of  T  cell  cytoplasmic  CD3-zeta  and  cell 
surface  CD3-epsilon  chains,  both  of  which  are  required  for  T  cell  activation.  B7-H1  is  a  member  of  the  B7  family 
of  co-stimulatory  molecules  and  is  overexpressed  on  ovarian  tumors  [34].  Recent  studies  have  shown  that  tumor 
cell-associated  B7-H1  increases  the  apoptosis  of  antigen-specific  T  cells.  Thus,  ovarian  tumors  are  well-equipped 
with  redundant  mechanisms  with  which  to  destroy  tumor-specific  T  cells  by  inducing  apoptosis. 

Overall,  the  tumor  microenvironment  defies  the  generation  of  an  effective  anti-tumor  immune  response 
using  variety  of  different  cellular  and  molecular  mechanisms.  At  present  it  is  unknown  what  contribution  each 
individual  suppressive  mechanism  makes  to  the  overall  hostile  environment.  It  is  clear  that  prior  to  immunologic 
intervention  (e.g.  active  immunization)  at  least  some  of  these  suppressive  mechanisms  will  need  to  be  overcome  or 
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reversed.  Our  improved  understanding  of  the  tumor  microenvironment  will  allow  us  to  develop  the  appropriate 
procedures  and  tools  to  accomplish  this  objective. 

IV.  Effectors  targeted  in  immune-based  approaches 

An  effective  anti-tumor  immune  response  will  consist  of  complex  interactions  among  multiple  cellular  and 
soluble  immune  effectors.  Effector  cells  that  may  induce  or  mediate  an  anti-tumor  immune  response  include  CD4  T 
cells,  CTL,  NK  cells,  NKT  cells,  and  DC.  Several  studies  have  demonstrated  that  ovarian  cancer-specific  immune 
effectors  are  elicited  de  novo  in  response  to  the  disease,  prior  to  immunologic  intervention. 

CTL  are  a  subset  of  T  lymphocytes  that  possess  the  ability  to  home  to  and  kill  tumor  cells  by  specifically 
recognizing  8-10  amino  acid  fragments  of  antigenic  proteins  presented  by  MHC  molecules.  CTL  have  been  thought 
to  be  primary  mediators  of  antitumor  immunity.  In  studies  in  ovarian  cancer  patients,  CTL  established  in  vitro 
demonstrate  significant  levels  of  cytolytic  activity  against  known  ovarian  cancer  antigens  such  as  FBP  and  HER- 
2/neu  [1,  35]  .  Therefore,  CTL  specific  for  ovarian  cancer  antigens  do  exist  naturally  in  vivo  in  patients  with  ovarian 
cancer  and  may  have  a  biologic  effect  on  the  tumor,  but  clearly  are  not  sufficient  in  eradicating  cancer.  This  lack  of 
sufficient  immunity  has  been  documented  in  patients  with  cancer.  For  example,  in  breast  cancer  patients,  pre¬ 
existing  HER-2/neu-specific  immunity  is  low,  at  fewer  than  1:100,000  of  circulating  T  cells  [36],  While  it  was 
initially  thought  that  augmenting  CTL  alone  might  lead  to  tumor  eradication,  recent  developments  suggest  that  CTL 
alone  cannot  constitute  a  complete  anti-tumor  response  and  that  additional  immune  effectors  such  as  CD4  T  cells  are 
needed  for  completing  the  appropriate  immune  milieu. 

The  CD4  or  T  helper  cell  represents  another  major  subset  of  the  immune  system’s  T  lymphocyte 
population.  The  CD4  T  cell  is  critical  in  controlling  the  activation  and  persistence  of  the  immune  response  against 
viral  infections  [16].  The  CD4  T  cell  elaborates  a  variety  of  cytokines  and  chemokines  that  cause  influx  of  many 
other  immune  effectors  such  as  macrophages,  neutrophils,  B  cells,  and  CTL.  Although  no  perfect  animal  model 
exists  for  ovarian  cancer,  the  interplay  between  CTL  and  CD4  T  cells  in  eradicating  cancer  has  recently  been 
evaluated  in  neu  transgenic  (neuTg)  mice.  These  mice  express  transgenic  rat  neu  under  control  of  the  MMTV 
promoter  and  develop  neu-overexpressing  epithelial  breast  cancer  similar  to  those  that  occur  in  humans  [37].  Also, 
like  in  humans,  transgene  expression  of  neu  confers  immunologic  tolerance  to  neu.  While  tolerant,  neuTg  mice  can 
be  vaccinated  against  neu  and  develop  both  neu-specific  T  cells  and  neu-specific  IgG  [38].  The  resulting  vaccine- 
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induced  neu-specific  immune  response,  delays  the  onset  of  the  spontaneous  neu-mediated  tumors.  Depletion  studies 
demonstrated  that  not  only  are  CTL  required  for  therapeutic  efficacy,  but  also  CD4  T  cells.  The  importance  of 
CD4  T  cells  in  the  evolution  of  the  tumor-specific  immune  response  is  underscored  by  recent  studies  demonstrating 
that  CD4  T  cells  can  initiate  a  de  novo  CTL  response.  As  an  example,  infusion  of  a  tumor  antigen-specific  Thl  CD4 
T  cell  clone  resulted  in  the  development  of  a  CTL  anti-tumor  immune  response,  presumably  due  to  CD4  T  cells 
secreting  cytokines  appropriate  to  enhance  the  function  of  local  APC  to  cross-present  tumor  antigen  to  endogenous 
CTL  [39].  CD4  T  cells  can  also  produce  cytokines  that  attract  macrophages,  DC,  and  eosinophils  to  promote  an 
inflammatory  environment  [40].  The  role  of  CD4  T  cell  help  in  the  immune  response  has  led  to  the  identification  of 
MHC  class  II  binding  epitopes  of  well-known  human  ovarian  tumor  antigens  such  as  HER-2/neu  [41]. 

The  tumor-specific  immune  response  can  not  be  elicited  without  effective  APC  processing  and  presentation 
of  tumor  proteins  to  T  cells.  DC  are  potent  APC  and  are  important  in  initiating  a  T  cell  response.  DC  exist  in 
peripheral  tissue  in  an  immature  state  awaiting  encounter  with  antigen.  Immature  DC  are  efficient  at  antigen  uptake 
and  processing  but  are  poor  at  activating  T  cells  because  MHC  molecules  are  in  intracellular  depots  rather  than  at 
the  cell  surface,  and  T  cell  costimulatory  molecule  expression  is  low  [42].  Following  exposure  to  antigen  or 
pro  inflammatory  stimuli,  DC  migrate  to  regional  draining  lymph  nodes  (DLN)  and  it  is  during  migration  that  DC 
attain  the  ability  to  present  antigen,  i.e.  undergo  maturation.  Antigen-specific  T  lymphocytes  are  then  stimulated  by 
direct  contact  with  the  DC.  DC  can  acquire  antigen  by  various  means  including,  endocytosis  of  soluble  protein, 
phagocytosis  of  tumor-derived  exosomes  and  receptor-mediated  uptake  of  apoptotic  bodies.  DC  function  is  heavily 
influenced  by  the  tumor  microenvironment  wherein  cytokines  can  act  at  many  different  levels  including  APC 
differentiation  [43],  lifespan  [44],  migration  [45],  and  antigen-presentation  [46].  Several  cytokines  are  known  to 
promote  dendropoiesis  and  include  GM-CSF  and  Flt-3  ligand,  both  of  which  have  been  shown  to  mediate  tumor 
regression  in  vivo  [47,  48].  While  the  administration  of  either  GM-CSF  or  Flt-3  ligand  increases  the  total  number  of 
circulating  DC,  GM-CSF  promotes  myeloid  dendropoiesis  exclusively  while  Flt3  ligand  promotes  both  myeloid  and 
lymphoid  dendropoiesis  [43].  Aside  from  the  immature  precursor  plasmacytoid  DC  that  inhibit  immune  responses 
in  ovarian  cancer,  mature  DC  with  T  cell  activating  properties  are  absent  in  the  peritoneal  cavity  ovarian  cancer 
patients  [23].  The  reason  for  their  absence  is  unclear  but  may  be  related  to  active  immunosuppression.  Thus  efforts 
have  been  or  are  being  applied  in  ovarian  cancer  patients,  as  will  be  discussed  below,  to  mobilize  DC  either  in  vivo 
or  in  vitro  with  the  use  of  cytokines  that  promote  their  differentiation  and  present  tumor  antigens  to  T  cells. 
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Immune  effectors  other  than  T  cells  or  DC  may  also  be  important  in  the  immune  response  against  ovarian 
cancer.  The  natural  killer  (NK)  cell  recognizes  tumors  in  a  non-MHC-restricted  fashion.  NK  cells  are  large  granular 
lymphocytes  that  lack  surface  IgG  and  T  cell  markers.  NK  cell  cytolytic  activity  is  inhibited  through  interaction  of 
the  NK  expressed  KIR  receptor  with  MHC  class  I  molecules.  The  role  of  NK  cells  in  the  immune  response, 
therefore  may  be  to  eliminate  dysfunctional  cells  that  lose  MHC  class  I  expression.  Immunohistochemical  analysis 
of  human  ovarian  tumors  shows  that  while  most  of  the  tumor  cells  express  MHC  class  I,  a  small  fraction  are 
negative  and  could  be  targets  for  NK  cells  [49].  NK  cells  also  play  a  significant  role  in  the  adaptive  immune 
response  by  lysis  of  antibody-coated  pathogens  or  tumor  cells  [50],  Upon  activation,  NK  cells  secrete  IFN-y  and 
TNF-a  and  promote  a  Thl-type  T  cell  response  [50].  In  a  SCID  mouse  model  of  human  ovarian  cancer,  IL-12 
injections  significantly  inhibit  ovarian  tumor  growth  which  is  associated  with  an  increased  infiltration  of  NK  cells 
[51].  These  results  suggest  that  NK  cells  may  be  a  component  of  a  therapeutic  anti-tumor  immune  response. 

A  newly  identified  cell  of  a  lymphoid  lineage,  the  Val4  NKT  cell,  may  also  be  an  effector  cell  that  is 
important  in  the  immune  response  against  ovarian  cancer.  The  NKT  cell  expresses  typical  NK  cell  surface  receptors 
and  a  semi-invariant  T  cell  receptor  (TCR)  encoded  by  Val4  and  Ja281  [52].  The  NKT  cell  is  activated  through 
recognition  of  glycolipid  antigens  in  association  with  CD  lb,  a  MHC-like  molecule  present  on  APC.  NKT  cells 
secrete  predominantly  IL-4  and  IFN-y  and  may  be  important  in  regulating  the  Thl/Th2  cytokine  phenotype  during 
an  immune  response  against  ovarian  cancer.  Presentation  of  glycolipids  by  CDld+  DC  to  NKT  cells  can  result  in  the 
generation  of  lymphoma-specific  CTL  suggesting  an  important  interface  between  the  innate  and  adaptive  anti-tumor 
immune  response  [53].  Baxevanis  and  colleagues  have  observed  that  NKT  cells  can  be  elicited  from  ovarian  cancer 
patients  using  acid  extracts  from  autologous  tumor  cells  [54],  The  NKT  cell  had  dual  specificity  recognizing  tumor 
cells  in  both  an  MHC-dependent  and  MHC-independent  fashion.  The  role  of  these  ovarian-specific  NKT  cell 
however  remains  to  be  elucidated.  Ovarian  cancer  is  known  to  have  altered  ceramide  and  ganglioside  synthesis 
[55],  Presentation  of  altered  glycolipids  expressed  through  CD  lb  on  DC  may  further  enhance  the  immune  response 
by  activating  NKT  cells.  Future  immunotherapeutic  strategies  could  also  be  designed  to  specifically  target  this 
novel  immune  effector  subset. 
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V.  Immune-based  strategies  for  minimal  disease. 


Despite  the  fact  that  many  patients  with  advanced  ovarian  cancer  can  be  treated  into  remission,  most 
(-85%)  will  relapse  and  eventually  die  from  the  disease  due  to  incomplete  eradication  of  microscopic  disease  [56]. 
Remission  is  an  ideal  time  to  intervene  with  active  immune-based  strategies  because  the  tumor  burden  and  growth 
are  reduced,  and  therefore  the  influences  of  the  tumor  microenvironment  on  the  immune  response  are  minimized. 
Active  immunization  of  ovarian  cancer  patients  with  vaccines  to  prevent  recurrence  is  conceptually  similar  to  the 
use  of  infectious  disease  vaccines  that  are  given  either  as  a  prophylactic  prior  to  or  shortly  after  exposure  to 
infectious  agent.  Likewise,  cancer  vaccines  should  be  used  in  the  prophylactic  setting  because  the  magnitude  of  the 
immune  response  induced  by  vaccine  is  limited  and  reaches  a  plateau,  often  not  of  a  sufficient  magnitude  to  mediate 
regression  [57]. 

The  goal  of  vaccination  against  ovarian  cancer  is  to  generate  significant  immunologic  memory  capable  of 
eliciting  an  immune  response  during  antigen  exposure  that  may  occur  early  during  relapse.  Several  different  vaccine 
strategies  have  been  or  are  currently  being  tested  for  efficacy  at  inducing  immune  responses  against  cancer  antigens, 
including  dendritic  cell  (DC)-,  peptide-,  protein-,  whole  tumor  cell-,  viral  carrier-,  or  DNA-based  vehicles.  Unlike 
infectious  disease  vaccines,  a  major  obstacle  of  cancer  vaccines  is  tolerance  [58].  While  it  is  known  that  patients 
can  have  a  pre-existent  immune  response  to  tumor,  tolerance  keeps  the  immune  response  in  check,  and  most 
antigens  expressed  on  most  cancers  are  self  antigens  [36].  Thus,  efforts  have  been  applied  to  identifying  how  to 
overcome  tolerance  with  the  use  of  strong  adjuvants  [59].  Most  likely,  the  best  adjuvants  are  going  to  be  those  that 
directly  activate  and  mobilize  DC,  the  most  potent  APC  of  the  immune  system.  DC  can  directly  activate  both 
memory  CD4  T  helper  cells  and  CTL,  both  of  which  are  important  for  the  generation  of  a  potentially  prophylactic 
immune  response  [42].  Activation  of  DC  for  presentation  of  tumor  antigen  can  be  accomplished  in  two  different 
ways.  One  strategy  that  has  been  widely  tested  is  to  generate  DC  ex  vivo ,  followed  by  antigen  loading  and 
reinjection.  DC  can  also  be  directly  activated  in  vivo  by  the  application  of  a  variety  of  exogenous  adjuvants,  such  as 
GM-CSF  [59]. 

Ex  vivo  generation  of  antigen-pulsed  DC  has  been  used  extensively  in  vaccination  strategies  and  can  result 
in  the  generation  of  substantial  long-lived  immunity  [60],  Relatively  few  studies,  however,  have  assessed  the 
efficacy  of  this  approach  in  ovarian  cancer.  In  one  report,  Brossart  and  colleagues  conducted  a  small  pilot  trial  to 
assess  both  the  clinical  and  immunologic  consequences  of  vaccinating  ovarian  and  breast  cancer  patients,  all  with 
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bulky  disease,  with  one  of  two  vaccines  consisting  of  ex  vz'vo-derived  DC  pulsed  with  either  the  HER-2/neu  or 
MUC-1  peptides  [61].  Half  of  the  10  patients  vaccinated  developed  peptide-specific  responses  as  assessed  by 
staining  for  intracellular  IFN-y  production  by  T  cells.  The  peptide-specific  T  cells  were  able  to  lyse  HLA-matched 
HER-2/neu-overexpressing  tumor  cell  lines,  suggesting  effective  immunization  against  naturally  processed  antigen. 
Vaccination  resulted  in  partial  regression  in  1  patient,  and  disease  stabilization  in  another  2  patients.  In  another 
study,  Hernando  and  colleagues  immunized  ovarian  cancer  patients  with  autologous  DC  pulsed  with  tumor  lysates 
and  keyhole  limpet  hemocyanin  (KLH)  as  a  helper  antigen  [62].  The  majority  (6/8)  demonstrated  immunity  against 
KLH  but  only  2/6  patients  generated  immunity  to  tumor  lysates.  The  two  patients  that  generated  immunity 
specifically  against  tumor  had  disease  stabilization  for  several  months  following  vaccination.  The  inability  to 
achieve  a  vaccinated  response  in  a  majority  of  individuals  may  be  due  to  tumor-induced  immunosuppression.  The 
disappointing  clinical  results  are  consistent  with  results  of  other  dendritic  cell-based  clinical  trials  and  support  the 
hypothesis  that  vaccines  are  prophylactic  rather  than  therapeutic  agents.  Another  technique  that  is  being 
investigated  is  the  direct  in  vivo  activation  and  mobilization  of  DC  with  adjuvants,  such  as  GM-CSF.  When 
delivered  intradermally,  GM-CSF  can  act  as  a  recruitment  and  differentiation  factor  for  the  skin-based  Langerhans’ 
cell  [63]. 

Our  laboratory  has  conducted  phase  I  clinical  vaccine  trials  using  peptide-based  vaccines  in  ovarian  cancer 
patients  with  HER-2/neu-overexpressing  tumors  who  had  been  maximally  treated  [64].  The  patients,  in  general,  had 
only  minimal  or  no  evidence  of  disease  and  had  been  off  of  chemotherapy  for  at  least  30  days.  The  HER-2/neu 
peptide-based  vaccines  consisted  of  HLA-class  II  binding  peptides  admixed  with  GM-CSF.  Our  immunization 
strategies  were  designed  to  elicit  a  HER-2/neu-specific  CD4  T  helper  response.  Our  view  is  that  generation  of  a 
robust  CD4  T  cell  response  can  lead  to  the  generation  of  an  endogenous  memory  response  that  could  include  the 
generation  of  memory  B  cells  and  CTL.  Patients  were  immunized  once  a  month  for  6  months.  Five  of  1 1  (46%) 
patients  with  ovarian  cancer  completed  the  planned  6  vaccinations.  The  majority  of  patients  were  immunized  to  at 
least  one  of  the  peptides  in  their  vaccine.  Overall,  7  of  1 1  (64%)  patients  developed  peptide-specific  immune 
responses.  In  addition,  all  5  patients  who  completed  the  full  course  of  vaccinations  developed  HER-2/neu  protein- 
specific  immunity  after  peptide  immunization.  These  results  with  peptide  vaccines  show  that  T  cell  immunity  can 
be  generated  in  ovarian  cancer  patients  and  vaccines  can  be  developed  that  are  capable  of  stimulating  natural 


14 


processing  and  presentation  of  antigen  in  vivo.  Furthermore,  these  results  set  the  stage  for  future  clinical  trials 
evaluating  whether  immunization  can  confer  protection  from  relapse. 

Currently,  a  number  of  other  vaccination  strategies  are  being  tested  in  patients  with  minimal  or  no  ovarian 
disease  burden.  Holmberg  and  colleagues  investigated  whether  the  STn  vaccine  Theratope  could  protect  breast  and 
ovarian  cancer  patients  from  relapse  following  high-dose  chemotherapy  and  autologous  stem  cell  rescue  [65], 
Patients  were  immunized  with  5  vaccinations  of  Theratope  at  a  median  of  127.5  days  following  stem  cell  transplant. 
Overall  survival  analysis  indicated  some  improvement  in  survival  among  those  patients  that  had  chemotherapy- 
responsive  disease  (i.e.  low-to-intermediate  risk  for  relapse).  The  cohorts  were  too  small  to  reach  statistical 
significance,  when  compared  with  control  populations.  However,  relapse  hazard  was  significantly  lower  in  patients 
with  higher  levels  of  tumor-specific  killing  as  assessed  by  in  vitro  cytolytic  assays. 

Active  immunization  with  the  use  of  vaccines  targeting  single  antigens  has  shown  that  cancer  patients  can 
be  immunized  against  tumor  antigens.  Targeting  single  epitopes  or  antigens  has  led  to  the  generation  of  antigen-loss 
variants  [66,  67],  From  an  immunologic  standpoint,  combination  vaccines  that  target  multiple  immunogenic 
proteins  may  demonstrate  improved  clinical  outcomes  due  to  increased  numbers  of  tumor-specific  immune 
effectors.  A  number  of  potential  options  exist  for  the  generation  of  immunity  that  targets  multiple  antigens.  The 
generation  of  an  immune  response  to  multiple  antigens  could  also  be  achieved  naturally  by  epitope  spreading,  which 
may  occur  by  vaccination  in  the  presence  of  some  tumor.  Epitope  spreading  is  an  amplification  of  the  immune 
response  that  results  from  extending  immunity  from  one  antigen  to  other  secondary  antigens  also  expressed  by  the 
tumor  cells.  Epitope  or  determinant  spreading,  is  a  phenomenon  first  described  in  autoimmune  diseases  including 
Theiler’s  murine  encephalomyelitis  virus-induced  demyelinating  disease,  murine  experimental  autoimmune 
encephalitis,  and  diabetes  in  non-obese  diabetic  mice  [68],  As  a  result  of  an  inflammatory  response  and  resulting 
tissue  damage,  debris  is  taken  up  and  other  antigens  are  cross-presented  by  APC  to  CD4  T  cells  in  the  regional 
lymph  nodes.  These  newly  recruited  antigen-specific  CD4  T  cells  could  further  exacerbate  tissue  destruction.  In  the 
cancer  vaccine  setting  epitope  spreading  has  been  observed.  In  the  DC-based  vaccine  study  by  Brossart  and 
colleagues  described  above,  in  some  of  the  responding  patients  intermolecular  epitope  spreading  occurred  to  tumor 
antigens  CEA  and  MAGE-3,  indicating  potential  inflammation  at  the  tumor  site  as  a  result  of  vaccination  [61].  Our 
group  has  also  observed  epitope  spreading  in  our  HER-2/neu  peptide-based  vaccine  trials  [64],  Eighty-four  percent 
of  patients  who  completed  the  course  of  vaccinations  developed  intramolecular  epitope  spreading  to  HER-2/neu 


15 


peptides  not  contained  within  their  vaccine  preparation.  The  epitope  spreading  was  significantly  associated  with  the 
development  of  HER-2/neu  protein-specific  immunity,  consistent  with  the  notion  that  epitope  spreading  is  a  function 
of  natural  endogenous  processing  of  antigen. 

Multi-antigen  vaccines  can  be  constructed  combining  multiple  peptides  or  proteins.  Alternatively,  DNA  or 
mRNA  immunization  represents  an  appealing  approach  because  multiple  antigens  could  be  encoded  into  a  single 
construct.  DNA  or  mRNA  would  obviate  the  need  for  identification  of  MHC  class  I  or  II  binding  epitopes  and 
would  likely  be  easier  to  construct  than  protein  vaccines  which,  require  difficult  purification  techniques.  Whole- 
tumor  cell  vaccines  have  also  been  used  and  have  shown  some  clinical  efficacy  and  could  lead  to  the  generation  of  a 
broader  immune  response  [69].  However,  whole  tumor  cell  vaccines  require  that  tumor  samples  be  obtained,  an 
option  that  is  often  not  feasible  such  as  when  patients  are  referred  for  vaccination  after  standard  therapy.  Ideally,  a 
vaccine  to  prevent  disease  recurrence  would  be  easily  constructed,  highly  immunogenic,  and  accessible  to  all 
patients. 

V,  Immune-based  strategies  for  advanced  ovarian  malignancy. 

In  contrast  to  microscopic  or  undetectable  disease,  the  treatment  of  established  bulky  malignancy  will 
likely  be  different  than  strategies  required  for  the  prevention  of  relapse  for  a  number  of  reasons.  First,  bulky 
established  malignancy  is  physically  more  difficult  for  immune  effectors  to  reach  and  eradicate  [70].  Second,  a 
large  tumor  burden  is  generally  more  immunosuppressive  than  smaller  burdens  [71].  Third,  tumor  growth  may 
outpace  an  endogenously  generated  immune  response  (e.g.  vaccine  response).  Lastly,  large  tumors  are  vastly 
heterogeneous  therefore  presenting  a  greater  chance  of  generating  antigen-loss  or  immune-escape  variants  [72].  A 
number  of  different  approaches  for  the  treatment  of  large  tumor  burdens  are  being  examined  in  ovarian  cancer  and 
include  monoclonal  antibody  therapy  (unconjugated  and  conjugated),  adoptive  T  cell  therapy,  and  cytokine  therapy. 

Monoclonal  antibody  therapy  is  becoming  more  widely  used  in  larger  tumor  burden  settings  and  at  present 
several  unconjugated  antibodies  have  been  approved  for  cancer  therapy  [73,  74].  The  therapeutic  efficacy  of 
unconjugated  antibodies  relies  on  both  the  antigen-binding  domain  and  the  Fc  region  [75].  The  antigen-binding 
domain  can  mediate  a  number  of  effects  including  blocking  ion  channels,  altering  cell  signaling,  or  promoting 
internalization  of  the  antigen,  all  of  which  may  have  detrimental  effects  on  tumor  cell  growth  [76,  77].  The  Fc 
receptor  is  important  for  mediating  antibody-dependent  cell-mediated  cytotoxicity  or  complement-dependent 


16 


cytotoxicity  [78].  When  conjugated,  monoclonal  antibodies  can  be  effective  as  tissue-specific  delivery  vehicles  for 
toxins  and  radiotopes  [75]. 

Compelling  evidence  suggests  that  select  ovarian  cancer  patients  may  benefit  from  anti-HER-2/neu 
monoclonal  antibody  treatment  (i.e.,  trastuzumab).  First,  like  breast  carcinoma,  HER-2/neu-overexpressing  ovarian 
tumor  cells  are  suppressed  in  vitro  by  exposure  to  HER-2/neu-specific  antibodies,  including  trastuzumab  [79]. 
Secondly,  a  phase  I  trial  specifically  inhibiting  HER-2/neu  function  in  ovarian  tumors  using  intrabodies  have 
suggested  some  therapeutic  efficacy  [80].  In  the  phase  I  intrabody  trial,  study  patients  with  HER-2/neu- 
overexpressing  ovarian  cancer  were  treated  with  an  adenovirus  construct  encoding  for  a  single  chain  antibody  that 
binds  to  the  intracellular  domain  of  HER-2/neu.  Although  no  complete  regressions  were  observed,  5  of  13  patients 
had  stabilized  disease,  indicating  that  HER-2/neu  may  play  some  role  in  driving  tumor  proliferation.  The  use  of 
therapeutic  HER-2/neu-specific  antibodies  may  benefit  a  greater  percentage  of  ovarian  cancer  patients  compared  to 
breast  cancer  as  recent  evidence  now  suggests  that  a  large  percentage  of  advanced  stage  ovarian  malignancies  are 
HER-2/neu-overexpressing. 

Other  experimental  monoclonal  antibodies  are  also  being  examined  for  therapeutic  activity.  Bevacizumab, 
an  anti-VEGF  monoclonal  antibody,  is  being  tested  for  efficacy  against  a  variety  of  cancers  including  ovarian  [81]. 
VEGF  is  a  proangiogenic  growth  factor  secreted  by  a  number  of  different  tumors  and  is  important  in  increasing  the 
tumor  micro  vasculature  [82].  Preclinical  studies  have  demonstrated  that  bevacizumab  is  a  potent  growth  inhibitor  in 
a  variety  of  human  cancer  xenografts  [83],  Tumor  growth  inhibition  is  accompanied  by  reduced  vascular 
permeability,  tumor  vessel  density,  and  angiogenesis.  Early  clinical  trials  evaluating  safety  have  demonstrated  some 
tendency  toward  an  improved  response  when  combined  with  chemotherapy  [81,  84].  In  one  trial,  patients  with 
advanced  non-squamous  lung  cancer  were  treated  with  either  chemotherapy  plus  bevacizumab  (2  dose  arms,  7.5 
mg/kg  or  15  mg/kg)  or  chemotherapy  alone  [84].  The  overall  response  rates  for  the  7.5  mg/kg  arm  was  31.8%  and 
for  the  15  mg/kg  arm,  32.3%,  while  the  response  rate  of  chemotherapy-only  arm  was  12%.  In  addition  to  improving 
the  clinical  response  rate,  the  time-to-progression  improved  in  responders  from  17  weeks  in  the  chemotherapy  alone 
arm  to  32  weeks  in  the  15  mg/kg  arm.  However,  bevacizumab  is  associated  with  serious  bleeding  toxicity  and  may 
not  be  suitable  for  all  patients  such  as  those  with  cardiovascular  problems  [81]. 

The  folate  binding  protein  (FBP),  also  known  as  membrane  folate  receptor,  has  also  been  studied  as  a  target 
for  immune-based  therapy  in  ovarian  cancer  [85].  In  the  late  1980’s  several  high  affinity  anti-FBP  antibodies  were 
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generated  that  have  been  adapted  to  clinical  use  [86].  The  MOvl8  antibody  has  been  studied  extensively  in  patients 
in  both  unconjugated  and  conjugated  forms  demonstrating  some  therapeutic  efficacy  [87-89].  In  one  study,  late 
stage  ovarian  cancer  patients  with  detectable  disease  were  treated  with  a  single  dose  of  13  ^-conjugated  MOvl8  30- 
40  following  second-look  evaluation  [87].  Ninety  days  after  therapy,  patients  underwent  a  third-look  evaluation. 
Five  patients  demonstrated  complete  responses,  6  patients  had  stable  disease,  and  5  others  had  progressive  disease. 
The  responses  were  durable  for  at  least  10  months  and  the  toxicity  of  this  approach  was  minimal.  In  a  recent  pilot 
trial,  5  women  with  residual  or  recurrent  ovarian  tumors  were  given  4  weekly  infusions  of  unconjugated  MOvl8 
[88].  Safety,  toxicity,  and  clinical  responses  were  examined.  Although  antibody  therapy  was  well-tolerated,  no 
complete  responses  were  observed.  Three  patients  experienced  disease  stabilization  with  a  mean  time  to  progression 
of  9  months.  The  results  with  MOvl8  therapy  are  encouraging  and  suggest  that  antibody  therapy  targeting  FBP 
may  be  useful  under  certain  conditions  such  as  when  tumor  burden  is  minimal  or  if  the  antibody  is  conjugated  to 
toxins  or  isotopes.  The  use  of  MOvl8  in  combination  with  other  immune-based  strategies  may  improve  efficacy 
since  the  data  clearly  suggest  that  the  antibody  is  capable  of  slowing  or  halting  disease  during  therapy  in  most 
patients. 

Another  approach  that  is  now  being  widely  tested  for  the  treatment  of  different  types  of  cancer  is  adoptive 
T  cell  therapy  [90].  The  primary  purpose  of  adoptive  T  cell  therapy  is  to  augment  T  cell  responses  to  levels  greater 
than  that  achievable  by  vaccination  alone.  Vaccination  can  increase  the  number  of  immune  T  cells  capable  of 
recognizing  and  responding  to  antigen.  Repeated  vaccination  further  increases  the  number  of  immune  effector  cells, 
but  eventually  a  plateau  of  responsiveness  is  reached,  and  repeated  immunizations  do  not  appreciably  change  this 
value  [57].  Adoptive  immunotherapy  may  allow  levels  of  immunity  to  be  achieved  which  could  mediate  an  anti¬ 
tumor  response.  Adoptive  transfer  of  T  cells  has  resulted  in  the  infused  cells  representing  as  many  as  90%  of  the 
host’s  lymphocytes  [91].  Experiments  in  a  murine  model  of  HER-2/neu-overexpressing  cancer  have  shown  that 
vaccination  alone,  in  the  neu-transgenic  mouse,  is  effective  only  for  prevention  of  disease  and  not  for  the  treatment 
of  established  malignancy  [92].  Mice  immunized  with  a  neu-specific  peptide-based  vaccine  are  able  to  resist  a 
tumor  challenge  following  the  course  of  immunization.  In  contrast,  if  vaccination  is  started  on  the  same  day  as  a 
tumor  implant,  tumors  grow  at  the  same  rate  in  vaccinated  as  in  control  mice.  Therefore,  in  vivo  expansion  of 
antigen-specific  T  cells  must  be  limited  or  even  suppressed.  One  potential  method  of  increasing  the  number  of 
antigen-specific  T  cells  to  the  level  needed  to  eliminate  tumor  is  to  expand  T  cells  ex  vivo  followed  by  reinfusion.  T 
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cells  derived  from  neu-transgenic  mice  immunized  against  neu  were  expanded  in  vitro  with  neu  peptides  [92].  The 
neu-specific  lymphocytes  were  then  infused  into  tumor  bearing  mice  resulting  in  tumor  regression.  Splenocytes 
from  non-immunized  animals  were  infused  as  a  control  and  had  no  anti-tumor  effect.  Although  adoptive 
immunotherapy  has  been  successful  in  eradicating  established  disease  in  animal  models,  the  approach  has  not  been 
as  successful  in  human  clinical  trials  [92].  Obstacles  to  the  development  of  successful  T  cell  therapy  for  human 
ovarian  cancer  have  been  the  (1)  lack  of  defined  tumor  antigens  for  expansion  of  antigen-specific  T  cells,  (2)  lack  of 
a  detailed  understanding  of  the  in  vitro  expansion  requirements  of  T  cells  that  would  allow  the  generation  of 
maximal  numbers  while  retaining  optimal  antigen-specific  function,  and  (3)  lack  of  understanding  the  in  vivo 
environment  necessary  for  sustaining  expansion  in  vivo.  Over  the  past  several  years  however,  a  number  of  antigens 
have  been  identified,  including  HER-2/neu,  as  described  above  that  can  improve  the  ex  vivo  expansion  of  tumor- 
reactive  T  cells.  In  addition,  the  cytokine  and  antigen  environments  needed  to  expand  a  functional  anti-tumor 
population  and  sustain  it  in  vivo  have  been  characterized  to  some  degree  [92]. 

Recent  studies  from  our  group  have  shown  that  it  is  technically  feasible  to  readily  expand  ovarian  antigen- 
specific  T  cells  from  patients  who  have  been  immunized  with  peptide-based  cancer  vaccines  [93].  The  ease  of  ex 
vivo  isolation  and  expansion  is  related  to  a  starting  precursor  frequency  that  has  been  elevated  as  a  result  of 
vaccination  [92].  As  an  example,  an  ovarian  cancer  patient  developed  a  significant  increase  in  the  CD8  T  cell 
precursor  frequency  to  HER-2/neu  HLA-A2  binding  peptide,  p369-377,  after  active  immunization.  T  cell  clones 
specific  for  p369-377  were  isolated  from  the  peripheral  blood  by  limiting  dilution  and  characterized.  A  total  of  21 
p369-377  clones  were  generated  from  this  patient  and  with  the  exception  of  two  clones,  all  clones  were  CD3+. 
Eleven  of  the  clones  were  CD8+/CD4".  Nine  of  the  clones  were  CD4+/CD8\  despite  being  specific  for  an  HLA-A2 
binding  peptide.  The  remaining  5  clones  contained  varying  levels  of  both  CD4  and  CD8.  The  majority  (19/21)  of 
clones  expressed  the  a/(3  TCR,  but  interestingly,  2  clones  expressed  the  y/8  TCR.  Several  of  these  clones  could  be 
induced  to  secrete  IFN-y  in  response  to  p369-377  peptide  stimulation.  Several  clones  also  lysed  HLA-A2- 
transfected  HER-2/neu-overexpressing  tumor  cells,  including  the  y/5  TCR-expressing  clones.  Investigations  such  as 
these  demonstrate  that  ex  vivo  expansion  and  characterization  of  ovarian  cancer-specific  T  cells  is  facilitated  by 
prior  vaccination.  Prior  vaccination  and  improved  ex  vivo  expansion  techniques  lay  the  foundation  for  testing  of 
adoptive  T  cell  therapy  in  ovarian  cancer  patients. 
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Redirection  of  peripheral  blood  naive  T  cells  to  recognize  ovarian  cancer  antigens  is  also  being  evaluated. 
In  a  current  clinical  trial  (NCI  960011),  advanced-stage  ovarian  cancer  patients  are  being  treated  with  escalating 
doses  of  peripheral  blood  lymphocytes  that  have  been  genetically  modified  to  recognize  FBP.  The  trial  is  based  on 
extensive  preclinical  data  evaluating  the  in  vitro  and  in  vivo  efficacy  of  lymphocytes  transduced  with  a  chimeric 
receptor  encoding  the  antigen  recognition  domain  of  MOvl8  antibody  fused  to  the  Fc  receptor  y  chain  [94,  95]. 
Initial  studies  tested  the  concept  in  vitro  using  tumor  infiltrating  lymphocytes  (TIL)  isolated  from  melanoma  cancer 
patients  [94].  Melanoma-specific  TIL  could  be  redirected,  with  the  chimeric  receptor,  to  lyse  and  secrete  cytokine 
in  response  to  FBP-overexpressing  ovarian  tumor  cells.  To  test  the  in  vivo  efficacy,  murine  TIL  were  transduced 
and  used  in  adoptive  transfer  experiments  in  nude  mice  implanted  with  human  ovarian  cancers.  A  single  dose  of  10 
to  30  million  transduced  T  cells  greatly  improved  survival  by  limiting  tumor  growth.  The  ongoing  clinical  trial 
using  this  approach  is  testing  the  efficacy  of  intravenous  infusion  of  retroviral-transduced  peripheral  blood 
lymphocytes  that  are  activated  with  the  anti-CD3  mAb,  OKT3  prior  to  infusion. 

Intraperitoneal  delivery  of  cytokines  has  shown  to  be  efficacious  in  some  patients  with  advanced  disease. 
The  cytokines  IFN-y,  IFN-a,  or  IL-2  have  all  been  examined  for  efficacy  in  a  number  of  clinical  trials.  IFN-y 
potentiates  the  ip.  immune  response  by  upregulating  the  expression  of  MHC  class  I  and  class  II  on  APC,  T  cells  and 
tumor  cells  [96].  Ip.  IFN-y  has  produced  complete  responses  in  patients  in  whom  previous  chemotherapy  had  failed. 
In  one  study,  ip.  IFN-y  was  given  as  second-line  treatment  in  patients  with  persistent  disease  at  second-look 
laparotomy  [97].  Of  98  evaluable  patients,  31  (32%)  achieved  a  surgically  documented  response,  including  23 
patients  (23%)  with  a  complete  response.  The  responses  were  generally  better  in  younger  patients  (<60  years  old) 
with  smaller  tumors  (<2  cm).  IFN-y  administration  was  very  well-tolerated. 

IFN-a  also  has  been  extensively  tested  in  patients  with  advanced,  refractory  ovarian  cancer.  IFN-a  has 
mechanisms  of  action  similar  to  IFN-y.  Initial  studies  indicated  that  responses  with  ip.  injection  of  IFN-a  could  be 
achieved  in  patients  with  aggressive  tumors.  For  example,  Berek  and  colleagues  evaluated  14  patients  with 
persistent  ovarian  disease  following  ip.  treatment  with  5  x  106  units  IFN-a  escalated  over  4  weeks  to  50  x  106  units 
[98].  The  high  dose  was  then  continued  for  an  additional  16  weeks.  Of  11  patients  who  underwent  surgical 
reevaluation,  4  had  complete  responses,  one  had  a  partial  response,  and  disease  progression  was  observed  in  6 
patients.  If  the  patients  were  stratified  according  to  tumor  size,  5  of  7  patients  with  tumors  of  less  than  5  mm 
demonstrated  surgically  documented  responses,  while  no  responses  were  observed  in  patients  with  tumors  greater 
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than  or  equal  to  5  mm.  The  responses  were  accompanied  by  increased  ip.  numbers  of  monocytes  and  lymphocytes. 
These  encouraging  results  led  to  a  phase  II  trial  treating  92  patients  with  residual  disease  of  less  than  5  mm  [99], 
Forty-six  evaluable  patients  were  stratified  either  to  a  platinum- sensitive  group  of  25  or  a  platinum-resistant  group 
of  21.  None  of  the  patients  that  demonstrated  platinum  resistance  showed  a  clinical  response.  However,  4(16%) 
of  the  platinum-sensitive  group  demonstrated  complete  responses,  3  (12%)  had  partial  responses  and  8  (32%) 
showed  no  response.  The  remaining  10  patients  had  progressive  disease  prior  to  planned  surgical  reevaluation. 
These  results  suggested  that  future  trials  of  IFN-a  should  be  directed  at  a  subset  of  patients  with  advanced  stage 
platinum-sensitive  disease. 

Intraperitoneal  IL-2  has  also  been  examined  in  patients  with  persistent  disease  following  chemotherapy. 
Edwards  and  colleagues  reported  the  results  of  a  Phase  I/II  trial  involving  45  patients  [100].  Patients  were  treated 
with  1  of  4  doses  of  IL-2  (6  x  104,  6  x  105,  6  x  106,  and  3  x  107  IU/m2)  given  as  either  weekly  24-hour  infusions  or 
continuous  7  day  infusions.  Of  35  assessable  patients,  6  had  confirmed  complete  responses  and  3  had  partial 
responses.  An  assessment  of  survival  revealed  that  patients  with  responses  to  IL-2  had  prolonged  survival. 
However,  clinical  trials  enrolling  larger  numbers  of  patients  will  be  required  to  discern  any  overall  improvement  in 
survival  compared  to  those  not  treated  with  IL-2.  On  the  whole,  treatment  with  ip.  cytokines  appears  to  be  effective 
in  subsets  of  patients.  Although  complete  clinical  responses  remain  relatively  low,  stratification  of  patients  may 
continue  to  improve  our  understanding  of  the  mechanism  of  action  of  these  agents  and  provide  critical  predictive 
insight  into  what  subsets  of  resistant  patients  may  respond  to  immune-based  therapies.  The  development  of  modem 
genomic  and  proteomic  techniques  could  elucidate  the  tumor  characteristics  that  would  predict  a  more  favorable 
response  to  therapy.  Alternatively,  the  use  of  cytokines  may  be  better  suited  for  patients  with  no  evidence  of  disease 
or  only  microscopic  disease.  IL-2  is  also  being  examined  in  combination  with  IFN-y  or  adoptive  T  cell  therapy 
[101,  102].  Strategies  to  reverse  underlying  tolerance  or  immunosuppression  may  improve  efficacy  when  used  in 
conjunction  with  these  agents. 

VII.  Conclusions 

Ovarian  cancer  is  an  immunogenic  tumor  and  numerous  antigens  have  been  identified  in  recent  years. 
Several  of  these  antigens  are  important  in  regulating  tumor  growth  and  may  be  ideal  targets  for  the  development  of 
immune-based  strategies.  In  the  absence  of  immunologic  intervention,  tumors  evade  the  immune  system  by  several 
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mechanisms,  most  notably  tolerance  and  immunosuppression.  As  our  understanding  of  the  immune  response 
improves,  strategies  are  being  designed  to  circumvent  T  cell  tolerance  to  self  antigens  through  modulation  of  APC 
function.  In  addition,  techniques  are  being  developed  to  identify  reverse  ovarian  cancer-induced  immune  evasion 
tactics.  The  type  of  the  immune-based  therapy  to  apply  will  vary  with  disease  burden.  Hopefully  discoveries  at  the 
bench  along  with  lessons  learned  in  prior  clinical  trials  will  soon  allow  us  to  develop  rationally-based  immunologic 
strategies  to  treat  and  prevent  ovarian  cancer. 
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CHAPTER  17 

Immunotherapy  for  breast  cancer 

Keith  L.  Knutson,  Michael  R.  Bishop,  Kathy  Schiffman  and  Mary  L.  Disis 


1.  Introduction 

Immune-based  therapies  for  the  treatment  of 
breast  cancer  are  now  being  designed  to  cir¬ 
cumvent  specific  biologic  problems  that  have 
been  identified  in  the  native  immune  response 
to  breast  cancer.  Advances  in  basic  immunology 
over  the  past  decade  have  changed  the  scope 
and  application  of  breast  cancer  immunotherapy. 
Perhaps  the  most  important  advances  are  the  un¬ 
derstanding  that  human  tumors  are  immunogenic 
and  the  identification  of  tumor-specific  antigens. 
In  fact,  hundreds  of  immunogenic  proteins  have 
been  identified  in  patients  with  cancer  using  high 
throughput  technologies  such  as  serological  iden¬ 
tification  of  antigens  by  recombinant  expression 
cloning  (SEREX).  More  importantly,  we  have  be¬ 
gun  to  identify  proteins  that  are  immunogenic 
in  cancer  whose  function  may  be  a  causal  com¬ 
ponent  in  the  malignant  transformation.  Thus, 
immune-based  therapies  targeting  these  biologi¬ 
cally  relevant  antigens  may  result  in  the  eradica¬ 
tion  of  tumor  cell  clones  that  drive  the  initiation 
of  malignancy. 

The  roles  of  the  immune  and  tumor  microen¬ 
vironments  in  breast  cancer  greatly  influence  our 
approach  to  the  design  of  immunotherapies.  Stim¬ 
ulation  of  both  cytotoxic  T  cell  (CTL)  and  CD4 
‘helper*  T  cell  immunity  is  critically  important 
for  an  effective  antitumor  response.  In  addition, 
cells  of  the  innate  immune  system  such  as  nat¬ 


ural  killer  (NK)  cells  are  likely  to  play  an  im¬ 
portant  role  in  a  balanced  antitumor  response. 
Cytokines  and  chemokines  can  both  inhibit  and 
stimulate  immune  responses  and  tumor  growth. 
Moreover,  the  identification  of  the  dendritic  cell 
(DC)  and  the  understanding  of  its  role  in  ini¬ 
tiating  immunity  to  cancer  has  not  only  led  to 
novel  therapies  for  the  treatment  of  breast  can¬ 
cer,  but  has  focused  attention  on  the  major  role 
of  the  antigen-presenting  cell  (APC)  in  initia¬ 
tion  or  dampening  of  the  tumor-specific  immune 
response.  We  now  know  that  the  tumor  microen¬ 
vironment  is  dynamic.  Molecular  dissection  of 
the  evolution  of  the  immune  response  occurring 
against  autologous  tumors  in  patients  with  ad¬ 
vanced  stage  melanoma  has  demonstrated  that  the 
immune  system  is  quite  functional  even  in  pa¬ 
tients  with  significant  existing  tumor  burden.  In 
fact,  stimulating  immunity  in  patients  with  mea¬ 
surable  disease  may  have  beneficial  effects  in 
immune  augmentation.  Apoptosis  or  necrosis  of 
tumor  cells  may  be  an  efficient  method  of  antigen 
presentation  for  initiation  of  immune  responses. 
Likewise,  the  presence  of  antigen  during  the  evo¬ 
lution  of  the  immune  response  may  be  instru¬ 
mental  in  generating  T  cell  clonal  expansion  and 
epitope  spreading,  highlighting  the  occurrence  of 
natural  antigen-processing  and  the  generation  of 
endogenous  tumor-specific  immunity. 

Finally,  immune-based  therapies  are  being  ap¬ 
plied  clinically  in  different  ways,  both  for  treat- 
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ment  and  prevention.  Vaccines  targeting  tumor 
antigens  are  increasingly  being  viewed  and  stud¬ 
ied  as  chemopreventive  agents  designed  to  pro¬ 
tect  against  cancer  relapse  or  development.  Estab¬ 
lished  disease  is  being  treated  with  immune-based 
therapies,  such  as  adoptive  immunotherapy  or  in¬ 
fusion  of  T  cells  allogeneic  to  host  tumor  cells 
therapies,  designed  to  maximize  T  cell  precursor 
frequencies.  Thus,  investigations  of  the  immune 
system  at  both  the  bench  and  bedside  have  led  to 
the  development  of  rationally  based  immunother¬ 
apies  for  the  prevention  and  treatment  of  breast 
cancer.  Therapeutic  approaches  are  now  targeted 
to  specific  alterations  in  the  evolution  of  the  breast 
cancer-specific  immune  response. 

2.  Breast  cancer  tumor  antigens 

Recent  studies  by  several  groups  have  identified 
‘self’  antigens,  expressed  on  tumor  cells,  as  tumor 
antigens  [1,2].  These  proteins  are  not  mutated  in 
any  way,  but  are  clearly  immunogenic  in  patients 
with  cancer  and  have  been  shown  to  generate  both 
antibody  and  CTL  responses  in  humans  fl  .3,4]. 
Many  of  these  proteins  are  present  at  much  higher 
concentrations  in  malignant  cells  than  in  the  nor¬ 
mal  cells  with  which  they  are  associated  [5].  Gene 
amplification  results  in  overexpression  of  normal 
cellular  proteins  in  cancer  and  is  an  etiologic 
factor  in  the  malignant  transformation  of  many 
solid  tumors.  Overexprexsed  oncoproteins  are  not 
mutated  and  are  distinct  from  their  normal  coun¬ 
terparts  only  by  virtue  of  their  greater  concen¬ 
tration  in  cancer  cells.  Intuitively,  these  proteins 
would  not  be  considered  potential  tumor  antigens 
as  patients  should  be  tolerant  to  self-proteins.  The 
recent  finding,  that  many  tumor  antigens  are  self¬ 
proteins,  has  resulted  in  a  ‘paradigm  shift’  [6]. 
The  new  paradigm  includes  self-proteins  as  tumor 
antigens  and  tolerance  induction  as  a  possible 
mechanism  of  immune  escape. 

A  multitude  of  self-tumor  antigens  are  present 
in  breast  cancer  including,  CEA,  MUC-1,  a  vari¬ 
ety  of  glycoproteins,  p53,  and  MAGE-3  to  name 
a  few.  Of  interest  is  the  identification  of  im¬ 


munogenic  proteins  in  breast  cancer  that  are  also 
important  cell  regulator}'  proteins.  By  targeting 
the  immune  system  to  proteins  that  either  initiate 
or  propagate  the  malignant  phenotype,  immune- 
based  therapies  have  the  potential  to  eradicate 
the  malignant  clone.  An  example  of  two  defined 
tumor  antigens  that  are  involved  in  the  carcino¬ 
genic  pathway  of  breast  cancer  are  the  HER- 
2/neu  oncogenic  protein  and  telomerase. 

One  of  the  most  extensively  described  tumor 
antigens  in  breast  cancer  is  the  HER-2/neu  onco¬ 
genic  protein.  HER-2/neu  is  a  member  of  the 
epidermal  growth  factor  receptor  family  and  is 
a  growth  factor  receptor  [7,8].  HER-2/neu  is  a 
transmembrane  protein  that  consists  of  a  cysteine- 
rich  extracellular  domain  that  functions  in  ligand 
binding  and  a  cytoplasmic  domain  with  kinase 
activity.  In  humans,  the  HER-2/neu  protein  is  ex¬ 
pressed  during  fetal  development  [9].  In  adults, 
the  protein  is  weakly  detectable  in  the  epithe¬ 
lial  cells  of  many  normal  tissues  by  immuno- 
histochemical  staining.  The  HER-2/neu  gene  is 
present  in  normal  cells  as  a  single  copy  [9], 
Amplification  of  the  gene  and/or  overexpression 
of  the  associated  protein  have  been  identified 
in  many  human  cancers  such  as  breast,  ovarian, 
prostate,  non-small  cell  lung  cancer,  and  colon 
cancer  and  is  associated  with  a  poor  prognosis. 
The  HER-2/neu  oncogenic  protein  is  also  a  tu¬ 
mor  antigen.  Patients  with  different  tumor  types 
that  overexpress  the  HER-2/neu  protein  can  have 
both  antibody  [10]  and  T  cell  immunity  directed 
against  HER-2/neu  [11],  Existent  immunity  to 
HER-2/neu  in  humans  was  initially  described  in 
patients  with  breast  cancer  [3]. 

Telomerase  is  a  ribonucleoprotein  enzyme. 
Normally  telomerase  maintains  the  telomeric  ends 
of  chromosomes  protecting  them  from  degrada¬ 
tion.  Non-malignant  cells  do  not  express  telom¬ 
erase,  but  malignant  cells  have  increased  telom¬ 
erase  activity  presumably  resulting  in  immortal¬ 
ization  of  the  cell.  The  telomeric  catalytic  subunit 
(hTERT)  is  the  rate-limiting  component  of  the 
enzyme,  and  expression  of  hTERT  correlates  best 
with  telomerase  activity  [12],  Although  hTERT  is 
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a  self-protein,  CTL  specific  for  peptides  derived 
from  hTERT  can  lyse  hTERT,  expressing  tumor 
cells  in  an  HLA-A2-re$tricted  fashion.  The  ability 
to  recognize  hTERT  is  within  the  realm  of  the 
T  cell  repertoire  [12].  The  definition  of  biologi¬ 
cally  important  and  ubiquitous  proteins  as  tumor 
antigens  in  breast  cancer  alters  our  concept  of 
what  characteristics  of  a  protein  make  it  immuno¬ 
genic.  No  longer  are  tumor  antigens  defined  by 
unique  mutations.  The  problem  currently  facing 
tumor  immunologists  is  how  to  harness  immunity 
to  ‘self  for  cancer  therapeutics.  Both  the  immune 
and  tumor  microenvironments  play  an  important 
role  in  regulating  tumor-specific  immunity. 

3.  Role  of  the  immune  microenvironment  in 
regulating  breast  cancer  immunity 

Elucidation  of  breast  cancer-specific  immunity  in 
animal  models  has  demonstrated  that  an  effective 
antitumor  immune  response  will  likely  consist 
of  complex  interactions  among  multiple  cellular 
and  soluble  immune  effectors.  Effector  cells  other 
than  CTL  that  may  induce  an  antitumor  immune 
response  include  CD4+  T  cells,  NK  cells,  NKT 
cells,  DC,  and  other  ‘lion-professional’  APC  such 
as  macrophages.  Furthermore,  many  chemokines 
and  cytokines  have  been  characterized  that  can 
have  profound  effects  on  immune  effector  cells  as 
well  as  tumor  cells. 

CD8  or  CTL  have  been  thought  to  be  major 
mediators  of  antitumor  immunity  because  they  ex¬ 
hibit  direct  killing  of  tumor  cells  in  an  MHC  class 
I-restricted  fashion.  In  studies  in  breast  cancer  pa¬ 
tients,  CTL  established  in  vitro  demonstrate  sig¬ 
nificant  levels  of  cytolytic  activity  against  known 
breast  cancer  antigens  such  as  MUC-1  and  HER- 
2/neu  [4,13].  In  fact,  similar  to  analyses  per¬ 
formed  in  melanoma,  recent  studies  evaluating 
the  presence  of  class  I  molecules  in  breast  cancer, 
have  shown  that  class  I  can  be  down-regulated 
presumably  due  to  immunoselection  [14].  There¬ 
fore,  CTL  specific  for  breast  cancer  antigens  do 
exist  naturally  in  vivo  in  patients  with  breast  can¬ 
cer  and  may  have  a  biologic  effect  on  the  tumor, 


but  clearly  are  not  sufficient  in  eradicating  cancer. 
One  problem  with  the  pre-existent  CTL  response 
may  be  a  lack  of  magnitude.  An  evaluation  of 
immunity  against  the  HER-2/neu  antigen  in  pa¬ 
tients  with  advanced  stage  breast  cancer  suggests 
that  CTL  precursor  frequencies  elicited  by  ex¬ 
posure  to  tumor  are  low,  less  than  1 i. : 100,000 
of  circulating  T  cells  [15],  Direct  modulation  of 
the  CTL  immune  effector  arm  is  thought  to  be 
key  to  a  successful  antitumor  response.  However, 
recent  developments  suggest  that  CTL  alone  can¬ 
not  constitute  a  complete  antitumor  response  and 
that  additional  immune  effectors  such  as  CD4+ 
T  cells  are  needed  for  completing  the  appropriate 
immune  milieu. 

The  CD4+  T  cell  is  critical  in  controlling 
the  activation  and  persistence  of  the  immune  re¬ 
sponse  against  viral  infections  [16].  The  interplay 
between  CD8f  and  CD4*  T  cells  in  eradicat¬ 
ing  breast  cancer  has  recently  been  evaluated  in 
the  neu  transgenic  (neuTg)  mouse.  neuTg  mice 
are  transgenic  for  rat  neu  under  control  of  the 
MMTV  promoter  and  develop  breast  cancers  sim¬ 
ilar  to  those  that  occur  in  humans  [17].  Also,  as 
in  humans,  expression  as  a  transgene  confers  im¬ 
munologic  tolerance  to  neu.  The  murine  cancers 
generally  start  as  hyperplasia,  progress  to  ductal 
carcinomas  in  situ,  and  finally  to  frank  interduc- 
tal  carcinomas  [17].  Biologically  relevant  animal 
models,  such  as  this  one,  can  significantly  aid  in 
the  definition  of  the  functional  components  of  the 
breast  cancer-specific  immune  response  as  well 
as  identify  methods  of  overcoming  tolerance.  Al¬ 
though  tolerant,  neuTg  mice  can  be  vaccinated 
against  neu  and  develop  both  neu-specific  T  cells 
and  neu-specific  IgG  [18].  The  resulting  immune 
response,  after  active  immunization,  can  delay  the 
onset  of  the  spontaneous  neu-niediated  tumors. 
In  addition,  depletion  studies  demonstrated  that 
not  only  are  CDS +  T  cells  required  for  thera¬ 
peutic  efficacy,  but  also  CD4*  T  cells.  In  fact, 
CD4+  T  cell-depleted  mice  showed  faster  tumor 
development  than  CDS^-depleted  mice,  suggest¬ 
ing  a  dominant  role  for  neu-specific  CD4f  T 
cells  in  eradicating  the  murine  breast  cancers. 
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Furthermore,  to  eradicate  neu  transgenic  tumors 
implanted  in  SOD  mice,  both  an  infusion  of  neu- 
specific  CTL  and  neu-specific  IgG  were  needed 
[19].  The  importance  of  CD44  T  cells  in  the  evo¬ 
lution  of  the  tumor-specific  immune  response  is 
underscored  by  recent  studies  demonstrating  that 
CD44  T  ceils  can  initiate  a  de  novo  CTL  re¬ 
sponse.  Infusion  of  a  tumor  antigen-specific  Thl 
CD44  T  cell  clone  resulted  in  the  development  of 
a  CD84  antitumor  immune  response,  presumably 
due  to  CD44  T  cells  secreting  cytokines  appro¬ 
priate  to  enhance  the  function  of  local  APC  to 
cross-present  tumor  antigen  to  endogenous  naive 
CDS4  T  cells  [20].  Once  a  CD44  T  cell  becomes 
activated  a  number  of  important  events  take  place 
to  influence  the  immune  microenvironment.  In 
addition  to  initiation  of  a  CTL  response,  CD44 
T  cells  can  also  produce  cytokines  that  attract 
DC,  macrophages,  and  eosinophils  to  promote  an 
inflammatory  environment  [21].  As  a  result  of  es¬ 
tablishing  the  necessity  of  CD44  T  cell  help  in 
the  immune  response,  much  interest  has  focused 
on  the  identification  of  MHC  class  II  binding  epi¬ 
topes  of  well-known  human  breast  tumor  antigens 
such  as  HER-2/neu  [22]  and  NY-ESO-1  [23,24]. 

Although  the  antigen-specific  T  lymphocyte 
immune  response  is  most  often  the  focus  of  ex¬ 
perimental  and  clinical  investigation,  cellular  ef¬ 
fectors  of  the  innate  immune  system,  such  as 
NK  and  NKT  cells  also  can  induce  an  antitu¬ 
mor  response.  NK  cells  can  kill  tumors  through 
a  non-MHC-restricted  mechanism.  Newly  defined 
NKT  cells  can  specifically  lyse  tumor  cells  bear¬ 
ing  glycolipid  antigens.  Inflammatory'  mediators, 
such  as  DL-12,  may  exert  their  antitumor  effects 
through  activation  of  NK  cells.  A  murine  model 
of  metastatic  breast  cancer  was  developed  to  eval¬ 
uate  the  therapeutic  efficacy  of  administration  of 
IL-12  in  an  adenoviral  vector  directly  into  liver 
lesions.  Lesions  regressed  with  treatment  in  al¬ 
most  all  animals  and  complete  tumor  rejection 
occurred  in  40%  [25].  Cell  subset  depletion  stud¬ 
ies  revealed  that  the  antitumor  effect  seen  with 
IL-12  was  mediated  significantly  by  NK  cells. 
Although  NK  cells  can  possess  direct  antitumor 


cytolytic  activity  in  vitro  the  role  for  the  NK  cell 
in  mediating  tumor  rejection  in  vivo  is  still  un¬ 
clear.  In  addition  to  their  ability  to  directly  kill 
tumor,  NK  cells  can  also  release  a  variety  of 
type  I  cytokines  such  as  IFNy  and  TNFa  which 
influence  development  of  the  adaptive  immune 
response. 

A  newly  identified  cell  of  a  novel  lymphoid 
lineage,  the  Val4  NKT  cell,  introduces  an  ad¬ 
ditional  effector  cell  that  may  be  important  in 
an  antitumor  immune  response.  The  NKT  cell 
expresses  typical  NK  cell  surface  receptors  and 
a  semi-invariant  T  cell  receptor  (TCR)  encoded 
by  Val4  and  Ja281  [26].  The  NKT  cell  is  acti¬ 
vated  through  recognition  of  glycolipid  antigens 
in  association  with  CDlb,  a  MHC-1  ike  molecule 
present  on  APC.  NKT  cells  secrete  predominantly 
IL-4  and  IFNy  and  may  be  important  in  regulat¬ 
ing  the  Thl  /Th2  cytokine  phenotype  during  an 
immune  response  [26],  Recently,  Nishimura  and 
colleagues  have  shown  that  CD  Id4  DC  presenta¬ 
tion  of  glycolipids  to  NKT  cells  can  result  in  the 
generation  of  lymphoma-specific  CTL,  suggest¬ 
ing  an  important  interface  between  the  innate  and 
adaptive  antitumor  immune  response  [27],  Gly¬ 
colipids,  such  as  ceramides  and  gangliosides  are 
some  of  the  most  commonly  studied  breast  cancer 
antigens  [28,29].  Indeed,  glvcosylation  of  glyco¬ 
proteins  and  glycolipids  is  a  molecular  change 
that  often  accompanies  the  malignant  transfor¬ 
mation  of  a  breast  cell  [30].  In  addition,  CD  1 4 
DC  are  often  observed  in  breast  cancer  biopsies 
[30].  Therapeutic  infusion  of  NKT  cells  may  be 
uniquely  suited  for  the  treatment  of  breast  cancer. 

The  cellular  immune  response  can  not  be 
elicited  without  effective  APC  processing  and 
presentation  of  tumor  proteins  to  T  cells.  DC  are 
potent  APC  and  are  important  in  initiating  a  T 
cell  response.  DC  usually  exist  in  peripheral  tis¬ 
sue  in  an  immature  state  awaiting  encounter  with 
antigen.  Immature  DC  are  proficient  at  antigen 
uptake  and  processing  but  have  no  capacity  to 
activate  T  cells.  Following  exposure  to  antigen, 
DC  migrate  to  regional  draining  lymph  nodes 
(DLN)  and  it  is  during  migration  that  DC  at- 
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tain  the  ability  to  present  antigen,  i.e.  undergo 
maturation.  Antigen-specific  T  lymphocytes  are 
then  stimulated  by  direct  contact  with  the  DC. 
Although  not  well  described  for  breast  cancer, 
most  tumors  fail  to  express  MHC  class  II  and 
are.  therefore,  not  direct  targets  of  CD44  T  cells. 
The  tumor  Cells  would  be  immunogenic  by  other 
means  such  as  uptake  of  the  tumor  cell  debris  by 
APC  and  ‘cross-priming’  [31].  The  uptake,  pro¬ 
cessing,  and  presentation  of  exogenously  derived 
tumor  antigens  by  DC,  therefore,  is  important 
for  activation  of  CD44  T  cells.  DC  can  acquire 
antigen  by  multiple  means  including  endocytosis 
of  soluble  protein  and  phagocytosis  of  tumor- 
derived  exosomes  and  apoptotic  bodies  [32,33]. 
Recent  investigations  have  demonstrated  that  DC 
are  associated  with  breast  cancer  tissue.  Studies 
by  Bell  and  colleagues  have  revealed  that  the  mat¬ 
uration  state  of  the  DC  differs  with  proximity  to 
the  breast  cancer  lesion  [34].  Immature  DC  reside 
within  the  tumors,  while  mature  DC  are  located  in 
peritiimoral  areas.  The  intratumoral  localization 
of  immature  DC  suggests  that  apoptosis-inducing 
or  tumor  necrotizing  agents  may  be  effective  in 
treating  breast  cancer  as  this  may  result  in  the 
cross-presentation  of  tumor-specific  antigen  to 
CD4f  T  cells.  Indeed,  Candido  and  colleagues 
have  recently  observed  that  the  level  of  tumor 
cell  apoptosis  is  positively  correlated  to  the  effec¬ 
tiveness  of  DC-based  therapy  of  murine  MT-901 
breast  carcinomas  [35]. 

Cytokines  released  by  both  T  cells  and  other 
cells  involved  in  the  inflammatory  response 
greatly  influence  the  immune  microenvironment. 
Traditionally,  T  cell  responses  are  categorized 
into  a  type  I,  e.g.  TNFa-,  IFNy-secreiing  or 
type  II,  e.g.  IL-4-,  IL-10-  secreting  phenotype. 
Type  I  cytokine  T  cell  responses  are  typically 
associated  with  the  development  of  cell-mediated 
immune  response  while  type  II  cytokines  lead 
to  the  development  of  a  humoral  response  and 
down-modulation  of  CTL.  The  interaction  be¬ 
tween  cytokines  and  the  stimulation  of  a  T  cell 
response  is  complex.  As  an  example,  early  stud¬ 
ies  demonstrating  that  IFNy  could  activate  CTL, 


macrophages,  and  NK  cells  as  well  as  up-regulate 
the  level  of  MHC  on  a  variety  of  immune  effectors 
suggested  that  this  cytokine  is  a  major  mediator 
of  the  antitumor  immune  response  [36-39].  More 
recent  investigations  in  IFNy“^~  mice,  however, 
demonstrate  that  the  function  of  IFNy  in  medi¬ 
ating  an  antitumor  immune  response  is  complex. 
IFNy~/~  mice  were  immunized  with  syngeneic 
tumor  cells.  Spleen  cells  from  immunized  mice 
demonstrated  antitumor  activity,  but  when  mice 
were  challenged  with  viable  tumor,  they  were  not 
protected.  T  cell  infiltration  of  tumor  did  not  oc¬ 
cur  in  the  IFNy“^~  mice  demonstrating  that  IFNy 
was  necessary  for  migration  of  both  CD4+  and 
CTL  to  tumor  sites  [40].  Thus,  a  major  influence 
of  IFNy  at  the  tumor  site  may  be  as  a  chemoat¬ 
tractant. 

NK  cells  are  also  targets  of  cytokines  and  che- 
mokines  as  recently  described  in  murine  breast 
cancer  models;  It  is  well  known  that  IL-12  can 
directly  mediate  tumor  killing.  Many  mechanisms 
have  been  described  for  the  effects  of  IL-12  in¬ 
cluding  increasing  the  local  production  of  IFNy 
and  the  inhibition  of  angiogenesis  [41].  IL-12  is 
also  known  to  directly  stimulate  NK  cells  [25]. 
NK  cells  can  also  be  activated  by  the  chemokine 
CKfM  1  to  kill  breast  cancer  cells  [42],  CKP'-ll 
functions  as  a  chemoattractant  for  many  immune 
effector  cells  including  T  cells.  B  cells,  DC,  and 
NK  cells  [43-45].  In  a  study  by  Braun  and  col¬ 
leagues,  CKp-11  was  transfected  and  expressed 
intratumorally  in  murine  breast  cancer.  The  re¬ 
sultant  tumor  rejection  involved  both  NK  and  T 
lymphocytes.  .  v  v* 

Recent  studies  have  focused  on  the  in  vivo 
modulation  of  APC  function  by  cytokines  which 
can  act  at  many  different  levels  including  APC 
differentiation  [46],  lifespan  [47],  migration  [43], 
and  antigen  presentation  [48].  Several  cytokines 
are  known  to  promote  dendropoiesis,  includ¬ 
ing  IL-12  and  Flt3  ligand,  both  of  which  have 
been  shown  to  mediate  tumor  regression  in  vivo 
[49,50].  While  the  administration  of  either  IL- 
12  or  Flt-3  ligand  increases  the  total  number 
of  circulating  DC  IL-12  promotes  myeloid  den- 
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dropoiesis  exclusively,  while  Flt3  ligand  promotes 
both  myeloid  and  lymphoid  dendropoiesis  [46]. 
In  a  study  by  Esche  and  colleagues,  the  addi¬ 
tion  of  both  IL-12  and  Flt3  ligand  synergized  the 
expression  of  MHC  class  II,  suggesting  that  anti¬ 
gen  presentation  may  be  enhanced  with  combina¬ 
tion  cytokine  treatment.  Increasing  the  numbers 
of  DC  in  the  draining  lymph  nodes  can  poten¬ 
tiate  immune  responses.  DC  die  rapidly  upon 
migration  to  the  DLN,  limiting  the  time  of  anti¬ 
gen  exposure  and  the  resulting  immune  response. 
A  newly  discovered  TNF-related  cytokine,  TNF- 
related  activation-induced  cytokine  (TRANCE), 
has  been  shown  to  enhance  the  lifespan  of  ex  vivo 
manipulated  DC  [47).  By  increasing  the  lifespan 
of  antigen-presenting  DC  in  the  DLN,  T  cell  re¬ 
sponses  to  antigen  were  substantially  increased 
[47].  Cytokines  can  down-regulate  immune  re¬ 
sponses  as  well.  As  an  example,  lysosomal  pro¬ 
teases  of  the  cathepsin  family  are  involved  in  pro¬ 
cessing  of  antigen  in  the  context  of  MHC  class  II. 
IFNy  modulates  cathepsin  activity  in  cells  [51]. 
Fieberger  and  colleagues  recently  examined  the 
effects  of  proinflammatory  and  anti-inflammatory 
cytokines  on  the  activities  of  cathepsin  S  and 
cathepsin  B  in  human  DC  [48].  Treatment  of  DC 
with  the  proinflammatory  cytokines  TNFa  and 
IL-ip  leads  to  a  rapid  increase  in  the  levels  of  DC 
cathepsin  while  the  anti-inflammatory  cytokine 
IL-10  renders  the  DC  incapable  of  up-regulation 
of  cathepsin.  Coincidentally,  IL-10  also  reduces 
the  number  of  MHC  class  II  antigen  complexes 
on  the  cell  surface.  Thus,  cytokines  can  function 
to  enhance  or  dampen  the  breast  cancer-specific 
immune  response  in  vivo. 

4.  Role  of  the  tumor  microenvironment  in 
regulating  breast  cancer  immunity 

Human  tumors  can  suppress  the  development  of 
an  immune  response.  However,  even  in  advanced 
stage  cancer,  immunosuppression  in  patients  may 
not  be  complete.  In  addition  to  the  remarkable 
plasticity  and  ability  to  change  phenotype,  tumors 
can  evade  immune  recognition  by  several  mecha¬ 


nisms  including  tolerance,  ignorance,  inducing  T 
cell  dysfunction,  and  T  cell  death. 

Tumor-specific  immunity  developing  in  a  pa¬ 
tient  with  advanced  stage  cancer  is  well  docu¬ 
mented.  Coulie  and  colleagues  recently  published 
a  15-year  chronology  of  immunologic  studies  of 
a  melanoma  patient  with  multiple  recurrences  but 
with  a  favorable  clinical  evolution  due  to  im¬ 
munologic  intervention,  both  natural  and  pharma¬ 
cological  [52].  The  findings  provided  key  in  vivo 
evidence  that  the  generation  of  an  immune  re¬ 
sponse  can  potentially  result  in  the  breakthrough 
of  unrecognized  variant  tumor  cells.  The  patient 
initially  presented  with  a  primary  melanoma  that 
was  surgically  removed.  Following  three  relapses, 
a  cell  line,  MEL  A  by  the  patient,  was  established 
from  a  subcutaneous  metastases  and  the  patient 
underwent  repeated  vaccinations  with  the  cell  line 
and  was  disease-free  for  4  years.  This  disease- 
free  interval  was  associated  with  strong  antitumor 
CTL  response.  CTL  clones  isolated  from  periph¬ 
eral  blood  revealed  several  antigens  produced  by 
MEL  A  cells  could  be  recognized  in  association 
with  several  HLA  alleles.  Eventually  the  patient 
relapsed  with  a  tumor  that  had  lost  a  complete 
HLA  haplotype  (A28-B44-Cw7).  However,  the 
original  antigens  were  still  expressed  on  the  tu¬ 
mor.  All  of  the  GTL  clones  that  were  isolated 
before  the  relapse  were  A28-  and  B44-restricted. 
The  development  of  escape  variants  has  yet  to  be 
described  in  breast  cancer,  but  as  antigen-specific 
immune-based  therapies  are  clinically  tested  eval¬ 
uations  of  both  antigen  and  irnmunostimulatory 
molecules  on  relapsed  disease  should  be  per¬ 
formed.  Studies  such  as  this  one  demonstrate  that 
cancer  patients  can  develop  functional  immune 
responses  but  that  tumors  can  evade  restricted 
immune  responses. 

Tolerance  to  self-tumor  antigens  is  a  major 
obstacle  to  overcome  in  the  development  of  sig¬ 
nificant  tumor-specific  immunity.  Tolerance  can 
be  mediated  centrally  and  peripherally.  Central 
tolerance  occurs  when  antigens  are  expressed 
intrathymically  resulting  in  deletion  of  the  self¬ 
reactive  T  cells  during  early  T  cell  differentiation 
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[53] .  Central  tolerance  is  thought  to  delete  pri¬ 
marily  high-affinity  T  cells  that  recognize  domi¬ 
nant  peptide  epitopes,  while  lower-affinity  T  cells 
and  those  recognizing  subdominant  epitopes  are 
allowed  to  escape  into  the  periphery.  Central  tol¬ 
erance  leads  to  irreversible  loss  of  autoantigen- 
reactive  T  cells  by  inducing  apoptosis,  and  it  is 
only  those  autoreactive  T  cells  that  escape  thymic 
deletion  that  are  of  importance  clinically.  The  T 
cells  that  avoid  thymic  clearance,  however,  are 
often  tolerant  or  ignorant  of  tissues  expressing  the 
target  antigens.  As  tumor  antigen-specific  T  cells 
can  be  found  in  patients  with  cancer,  it  is  clear 
that  the  ability  to  recognize  cancer  antigens  is 
within  the  realm  of  the  T  cell  repertoire  and  that 
central  tolerance  is  not  complete.  Peripheral  tol¬ 
erance  occurs  extrathymically  and  is  mediated  by 
both  deletional  and  non-deletional  mechanisms 

[54] .  The  T- cells  that  have  been  tolerized  by 
non-deletional  methods  are  the  focus  of  immune- 
based  antitumor  therapies.  A  major  non-deletional 
mechanism  of  peripheral  tolerance  is  anergy  in¬ 
duction.  Anergy  induction  of  antigen-specific  T 
cells  occurs  by  multiple  mechanisms.  The  best 
understood  mechanism  of  T  cell  anergy  induction 
is  TCR  signaling  in  the  absence  of  co-stimulation. 
Activation  of  T  cells  is  thought  to  involve  at  least 
two  independent  signals,  one  mediated  through 
the  TCR :  MHC  complex  and  another  through  any 
of  a  variety  of  co-stimulatory  receptors  on  T  cells 
including  CD28.  Tumor  cells,  including  breast 
cancer,  do  not  typically  express  receptors  (e.g. 
CD80)  to  these  co-stimulatory  molecules  and  may 
be  responsible  for  anergy  induction.  In  fact,  recent 
reports  demonstrate  that  even  APC  in  the  periph¬ 
eral  blood  of  early  stage  breast  cancer  patients 
demonstrate  decreased  expression  of  CD80  and 
CD86  [55].  Anergic  T  cells  when  rechallenged 
with  peptide-pulsed  APC  fail  to  proliferate  and 
have  reduced  cytokine  release.  Indeed,  transfec¬ 
tion  of  CD80  into  many  tumors,  including  breast 
cancer,  can  restore  immune  recognition  and  cause 
growth  arrest  [56]. 

The  recovery  of  anergic  T  cells  and  the  reversal 
of  tolerance  is  critical  to  successful  development 


of  immune-based  strategies  for  the  treatment  of 
breast  cancer.  Although  it  is  generally  presumed 
that  self-reactive  T  cells  are  low-affinity  by  virtue 
of  tolerizing  processes,  recent  evidence  by  Ohlen 
and  colleagues  suggest  that  higher-affinity  periph¬ 
erally  tolerized  tumor-antigen-specific  T  cells 
can  be  recovered  following  multiple  rounds  of  in 
vitro  stimulation.  Studies  demonstrated  that  gag- 
specific  T  cells  could  be  isolated  from  mice  trans- 
gcnically  engineered  to  express  the  Friend  murine 
leukemia  virus  protein,  gag.  within  hepatocytes 
[57].  The  gag-specific  T  cells,  after  several  in 
vitro  stimulations  with  repeated  IL-2  administra¬ 
tion,  displayed  CTL  activity  and  were  comparable 
in  affinity  to  the  gag-specific  T  cells  isolated 
from  the  parental  mouse,  C57BL/6,  in  which  gag 
is  a  foreign  antigen.  These  findings  suggest  the 
potential  for  circumvention  of  tolerance  and  the 
recovery  of  high-affinity  tumor-specific  T  cells 
using  ex  vivo  techniques. 

Cytokines  present  within  the  tumor  microenvi¬ 
ronment  can  also  promote  T  cell  anergy.  The  jm- 
munofegulatory  cytokine,  IL-10,  has  previously 
been  shown  to  induce  a  state  of  profound  non- 
responsiveness  to  melanoma  and  alloreactive  T 
cells  [58,59].  IL-10  acts  directly  on  T  cells  during 
activation  through  CD28  and  can  be  reversed  with 
exogenous  IL-2  [60].  Molecularly,  IL-10  inhibits 
tyrosine  phosphorylation  of  CD28  and  associa¬ 
tion  of  P13-kinase  to  CD28.  These  recent  findings 
suggest  that  the  systemic  and  locally  elevated  lev¬ 
els  of  IL-10  often  found  in  cancer  patients  may 
further  contribute  to  tolerance  to  tumor-associated 
antigens.  Little  is  known  of  the  role  of  IL-10 
in  suppressing  immunity  to  breast  cancer;  how¬ 
ever,  IL-10  levels  are  elevated  in  pancreatic  [61] 
and  melanoma  [62]  cancer  patients,  and  elevated 
levels  of  IL-10  correlate  with  poor  survival  [62]. 

Tumors  can  also  evade  immune  recognition  by 
immunologic  ignorance,  which  reflects  the  inabil¬ 
ity  of  naive  antigen-specific  T  cells  to  recognize 
tumor  tissue.  Ochsenbein  and  colleagues  studied 
immune  surveillance  against  solid  tumors  and  ob¬ 
served  that  transplantation  of  tumor  pieces  into 
mice  grew  readily.  However,  if  the  same  tumor 
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cells  were  injected  as  a  single-cell  suspension, 
a  protective  cytolytic  response  was  observed.  It 
was  observed  that  tumor  growth  correlated  with 
failure  of  tumor  cells  to  reach  the  draining  lymph 
nodes  and  the  absence  of  primed  cytotoxic  T 
cells  [63].  Ignorance  to  antigen-bearing  tumor 
is  also  observed  in  the  OT-1  mice  which  are 
transgenic  for  OVA-specific  T  cells.  Adoptive 
transfer  of  naive  OT-1  cells  into  OVA-expressing 
tumor-bearing  mice  does  not  inhibit  tumor  growth 
even  though  OT-1  cells  are  able  to  lyse  OVA- 
tumors  in  vitro.  However,  if  the  OT-1  cells  were 
pre-act  ivated  prior  to  transfer,  tumor  protection 
was  observed.  Additionally,  mice  vaccinated  with 
OVA-pulsed  APC  (i.e.  cross-priming)  could  acti¬ 
vate  naive  OT-1  cells,  which  could  protect  against 
tumor.  These  results  demonstrate  that  ignorance 
plays  an  important  role  in  tumor  evasion  and  that 
therapeutic  intervention  to  activate  tumor-specific 
T  cells  is  necessary  to  overcome  ignorance.  Thus, 
while  some  tumors  may  anergize  T  cells,  others 
may  avoid  immune  recognition  through  ignorance 
[64]. 

Tumors  can  induce  T  cell  dysfunction  and 
even  death.  The  CD95/CD95L  (Fas/FasL)  sys¬ 
tem  plays  an  important  role  in  limiting  the  im¬ 
mune  response.  CD95/CD95L  interactions  result 
in  apoptosis  of  CD95-expressing  cells  mediated 
by  crosslinking  of  CD95  by  CD95L.  Muschen 
and  colleagues  studied  40  breast  malignancies  for 
the  expression  of  CD95L  [65].  They  observed  that 
CD95L  expression  was  positively  correlated  with 
the  grade  of  malignancy,  with  stage  IV  disease 
showing  the  highest  rate  of  expression.  In  addi¬ 
tion,  in  histologic  analysis,  they  found  that  T  cells 
within  close  proximity  of  tumor  cells  were  pre¬ 
dominantly  apoptotic.  The  authors  concluded  that 
tumor  cell-induced  apoptosis  of  tumor-associated 
T  cells  is  a  potential  mechanism  of  immunosup¬ 
pression  in  breast  cancer.  To  test  this  hypothesis, 
the  investigators,  in  a  separate  study,  examined 
apoptosis  of  Jurkat  T  cells  following  exposure 
to  breast  cancer  cell  lines  [66].  They  observed 
that  the  rate  of  apoptosis  of  Jurkat  T  cells  was 
positively  correlated  with  the  levels  of  CD95L 


expressed  on  the  tumor  cell  lines.  Apoptotic  ef¬ 
fects  were  also  enhanced  by  the  addition  of  IFNy 
suggesting  a  detrimental  effect  of  this  cytokine 
at  the  tumor  site.  Moreover,  in  cancer  patients, 
depletion  of  CD4*  and  CD 8+  T  cells  in  the  pe¬ 
ripheral  blood  was  significantly  correlated  with 
CD95  expression,  suggesting  both  systemic  and 
local  immunosuppression. 

Another  mechanism  of  tumor-associated  T  ceil 
dysfunction  is  acquired  impairment  in  the  signal¬ 
ing  ability  of  the  T  cells.  For  example,  in  one 
study  9  of  14  breast  cancer  patients  had  impaired 
levels  of  one  or  more  signaling  molecules:  zeta- 
chain,  ZAP-70,  p561ck,  and  MAP  kinase  phos¬ 
phatase  I  [67].  This  generalized  immunosuppres¬ 
sion  is,  at  least  partially,  mediated  by  the  accu¬ 
mulation  of  immature  myeloid  cells,  Gr-1*  [68]. 
The  TCR  zeta-chain  can  be  reduced  in  T  cells 
by  direct  contact  with  Gr-1+  myeloid  cells  [69]. 
More  recently,  Gabrilovich  and  colleagues  found 
that  Gr-1+  cells  purified  from  tumor-bearing  mice 
directly  inhibited  tumor-antigen-specific  CDS  T 
cells  and  had  no  impact  on  tumor-antigen-specific 
CD4+  T  cells  [70].  The  effects  of  Gr-l*  cells 
depended  on  direct  contact  of  the  T  cells  with  the 
Gr~l*  cells  and  could  be  abolished  by  inclusion 
of  APC  maturation  factors  (e.g.  GM-CSF).  These 
results  suggest  that  therapies  designed  to  promote 
the  differentiation  of  myeloid  cells,  and  hence,  re¬ 
verse  zeta  chain  defects  may  improve  the  success 
of  therapies  targeting  activation  of  tumor-specific 
T  cells. 

5.  Immune-based  strategies  in  minimal  disease 

Vaccine  strategies  for  breast  cancer  are  currently 
being  designed  to  overcome  tolerance  and  gen¬ 
erate  lasting  immunity.  As  more  effective  im¬ 
munization  techniques  are  developed,  the  clinical 
application  of  breast  cancer  vaccines  is  being  fo¬ 
cused  on  patients  with  minimal  disease.  Vaccines 
targeting  breast  cancer  are  often  administered  in 
the  presence  of  bulky  disease  and  have  had  limited 
therapeutic  success.  Extrapolating  from  applica¬ 
tion  of  active  immunization  in  infectious  diseases, 
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vaccines  such  as  those  targeting  chicken  pox  or 
influenza  are  given  in  the  absence  of  infection  and 
have  only  limited  efficacy  if  administered  after 
exposure  to  the  pathogen.  The  goal  of  vaccination 
against  breast  cancer  may  be  to  elicit  significant 
immunologic  memory  capable  of  rapidly  expand¬ 
ing  an  antigen-specific  T  cell  population  in  the 
presence  of  low  levels  of  antigen  encountered 
during  cancer  onset  or  early  relapse.  Indeed,  vac¬ 
cination  against  breast  cancer  will  likely  only  be 
effective  when  disease  is  either  absent  or  below 
the  limit  of  detection.  The  two  primary  reasons 
for  vaccinating  in  the  absence  of  bulky  disease 
are  (1)  patients  with  existing  disease  are  often 
immunosuppressed,  and  (2)  the  response  to  re¬ 
peated  vaccination  in  the  absence  of  disease  is 
limited  and  reaches  a  plateau  level  that  is  in¬ 
sufficient  to  eradicate  existing  malignancy  before 
death  occurs. 

However,  vaccination  in  the  presence  of  some 
tumor  may  be  beneficial  during  generation  of 
the  immune  response  due  to  epitope  spread¬ 
ing,  apoptosis,  and  necrosis  of  tumor  cells.  Epi¬ 
tope  spreading  is  an  amplification  of  the  im¬ 
mune  response  that  results  from  extending  im¬ 
munity  from  one  antigen  to  other  secondary 
antigens  also  expressed  by  the  tumor  cells.  Epi¬ 
tope,  or  determinant  spreading,  is  a  phenomenon 
first  described  in  autoimmune  diseases  including 
Theileris  murine  encephalomyelitis  virus-induced 
demyelinatmg  disease,  murine  experimental  au¬ 
toimmune  encephalitis,  and  diabetes  in  non-obese 
diabetic  mice  [71].  It  is  thought  that  initiating 
an  immune  response  against  a  single  antigen  can 
elicit  inflammation  that  leads  to  tissue  damage. 
Tissue  debris  is  taken  up  and  other  tissue  anti¬ 
gens  are  cross-presented  by  APC  to  CD4f  T 
cells  in  the  regional  lymph  nodes.  These  newly 
recruited  antigen-specific  CD4+  T  cells  could  fur¬ 
ther  exacerbate  tissue  destruction.  In  the  setting 
of  minimal  residual  tumor,  inflammation  at  the 
tumor  site  induced  by  vaccination  could  poten¬ 
tially  broaden  the  immune  response  as  is  seen  in 
autoimmune  disease.  Although  previous  observa¬ 
tions  of  epitope  spreading  have  been  confined  to 


the  CD4+  immune  effector  arm,  recent  studies 
by  Markiewicz  and  colleagues  demonstrated  that 
epitope  spreading  can  occur  following  immuniza¬ 
tion  with  MHC  class  I-restricted  peptides  in  the 
P815  tumor  model.  They  observed  that  immu¬ 
nization  against  a  single  MHC  class  I-restricted 
peptide  resulted  in  rejection  of  both  PI  A+  tumors 
and  P1A~  tumors  [72].  Analysis  of  the  CTL  re¬ 
sponse  revealed  that  PI  A*  immunization  resulted 
in  intermolecular  epitope  spreading  of  the  im¬ 
mune  response  to  another  P815  tumor  antigen, 
PIE.  Thus,  epitope  spreading  is  a  phenomenon 
applicable  to  both  the  CD4*  and  CD84-  T  cells. 
These  results  suggest  that  broadening  the  immune 
response  with  epitope  spreading  in  the  presence 
of  tumor  could  potentially  result  in  the  generation 
of  immunity  that  may  minimize  the  emergence  of 
antigen-loss  variants  [72]. 

Vaccination  strategies  to  successfully  immu¬ 
nize  against  breast  cancer  are  varied.  All  tech¬ 
niques  focus  on  enhancing  the  mimunogenicity  of 
the  tumor  cell  or  of  a  particular  breast  cancer- 
associated  antigen.  Vaccines  that  have  been  trans¬ 
lated  to  the  clinic  include  intact  tumor  cells 
transfected  with  co-stimulatory  molecules  to  en¬ 
hance  immunogenicity,  glycoprotein-based  vac¬ 
cines  given  directly  after  the  administration  of 
drugs  such  as  cytoxan  to  alter  the  immune  mi¬ 
croenvironment,  and  protein-based  vaccines  ad¬ 
ministered  with  multiple  adjuvants  to  create  local 
inflammatory  responses  to  augment  the  function 
of  APC  [73].  Methods  of  immunization  that  di¬ 
rectly  address  the  inadequacies  of  the  pre-existent 
immune  response  to  breast  cancer  are  more  likely 
to  result  in  successful  immunization.  One  area 
of  vaccine  development,  focused  on  augmenting 
APC  function,  is  the  use  of  DC  as  vaccine  adju¬ 
vants. 

Much  attention  has  been  focused  on  the  acti¬ 
vation  of  DC  during  vaccination  since  DC  initiate 
and  sustain  T  cell-mediated  immune  responses. 
Target  antigens  can  be  delivered  directly  to  ex 
vivo  cultured  DC  followed  by  subsequent  injec¬ 
tion  of  the  DC-based  vaccine.  DC  can  also  be 
modulated  in  vivo  by  using  adjuvants  that  tar- 
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get  DC  such  as  GM-CSF.  Ex  vivo  generation  of 
antigen-pulsed  DC  has  been  used  extensively  in 
vaccination  strategies  and  can  result  in  the  gen¬ 
eration  of  substantial  long-lived  immunity  [74], 
For  example,  Brossart  and  colleagues  conducted 
a  small  phase  I/II  trial  to  assess  both  the  clinical 
and  immunologic  consequences  of  vaccinating 
breast  and  ovarian  cancer  patients  with  one  of 
two  vaccines  consisting  of  ex  vivo  derived  DC 
pulsed  with  either  the  HER-2/neu  HLA-A2  pep¬ 
tides  or  M.UC-1  HLA-A2  binding  peptides  [75]. 
Of  10  patients  immunized,  5  developed  peptide- 
specific  responses  as  assessed  by  staining  for 
intracellular  IFNy  production  by  T  cells.  The 
peptide-specific  T  cells  were  also  able  to  lyse 
HLA-matched  HER-2/neu  overexpressing  tumor 
cell  lines.  Furthermore,  in  some  of  the  respond¬ 
ing  patients,  intemnolecular  epitope  spreading  oc¬ 
curred  to  CEA  and  MAGE-3,  both  of  which  are 
aberrantly  expressed  in  some  breast  cancers,  in¬ 
dicating  potential  inflammation  at  the  tumor  site 
as  a  result  of  vaccination.  Vaccination  resulted  in 
partial  regression  in  one  patient  and  disease  stabi¬ 
lization  in  another  two  patients.  The  disappointing 
clinical  results  are  consistent  with  results  of  other 
trials  and  support  the  hypothesis  that  vaccines 
will  likely  be  more  efficacious  in  disease  preven¬ 
tion  rather  than  treatment  of  existing  macroscopic 
disease. 

Although  the  results  of  various  DC  immuniza¬ 
tion  trials  appear  promising,  the  procedures  used 
for  isolating  and  loading  DC  are  tedious  and  not 
yet  broadly  applicable  to  clinical  practice  [76]. 
The  disadvantages  of  using  DC  loaded  or  pulsed 
with  tumor-associated  antigens  include  the  uncer¬ 
tainty  regarding  the  longevity  of  antigen  presenta¬ 
tion,  the  HLA  restriction  by  the  patient  haplotype, 
and  the  relatively  low  number  of  known  MHC 
class  I,  and  in  particular.  MHC  class  II  T  helper 
related  epitopes.  Whole  tumor  cell  preparations 
such  as  tumor  lysates,  apoptotic  tumor  cells,  or 
DC-tumor  cell  fusions  depend  on  the  availability 
of  tumor  cells.  In  addition,  the  cytokines  used  in 
vitro  to  expand  DC  may  affect  their  phagocytic 
activity  and  ability  to  migrate  to  DLN  [77].  Given 


the  problems  with  ex  vivo  generation  of  DC,  a 
potential  solution  to  the  difficulties  of  DC  culture 
would  be  to  mobilize  DC  in  vivo.  Langerhans 
cells  (LC)  are  skin  DC  and  are  the  most  effec¬ 
tive  APC  present  in  the  skin.  The  soluble  factors 
present  in  the  dermis  that  recruit  and  mature  skin 
DC,  LC  are  well  known  [78].  Similar  to  other 
APC,  the  LC  role  is  to  recognize,  internalize,  and 
process  antigen  encountered  in  the  skin  and  to 
transport  antigen  to  the  DLN  for  T  cell  recogni¬ 
tion.  As  LC  move  from  the  skin  to  the  DLN  they 
lose  their  ability  to  process  antigen  and  express 
high  levels  of  MHC  and  co-stimulatory  molecules 
such  as  CD80  and  CD86  [78].  The  functional 
maturation  of  LC  is  affected  by  epidermal  cy¬ 
tokines,  in  particular  GM-CSF,  IL-ip,  and  TNFa 
and  by  stimulation  with  antigen  mediated,  in  part, 
by  co-stimulatory  molecules. 

GM-CSF.  administered  intradermally,  can  act 
as  a  recruitment  and  maturation  factor  for  LC 
[79,80].  GM-CSF,  as  an  adjuvant  can  mobilize 
skin  DC  in  vivo  and  has  been  used  in  vac¬ 
cines  targeting  patients  with  breast  cancer.  Our 
laboratory  has  been  conducting  phase  I  clini¬ 
cal  vaccine  trials  using  peptide-based  vaccines  in 
breast  and  ovarian  cancer  patients  with  HER- 
2/neu-overexpressing  tumors  [74] .  The  HER- 
2/neu  peptide-based  vaccines  consisted  of  HLA- 
class  II  binding  peptides  admixed  with  GM-CSF. 
Our  initial  clinical  vaccination  strategies  have 
concentrated  on  eliciting  a  CD4+  T  helper  re¬ 
sponse;  vigorous  T  helper  response  may  serve  to 
augment  the  production  of  HER-2/neu  antibodies 
and/or  HER-2/neu-specific  CTL,  both  of  which 
could  be  therapeutic.  In  addition,  CD4+  T  cells 
play  a  major  role  in  the  maintenance  of  immuno¬ 
logic  memory.  Patients  were  immunized  once  a 
month  for  6  months,  and  38  patients  completed 
the  planned  six  vaccinations  [81].  The  major¬ 
ity  of  patients  could  be  immunized  to  at  least 
one  of  the  peptides  in  their  vaccine,  indicative 
of  immune  competence  of  the  selected  popula¬ 
tion.  In  addition,  over  half  of  the  patients  devel¬ 
oped  HER-2/neu  protein-specific  immunity  after 
peptide  immunization.  The  HER-2/neu  protein- 
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specific  T  cell  responses  were  similar  in  magni¬ 
tude  to  responses  generated  to  a  foreign  antigen, 
keyhole  limpet  hemocyanin.  An  interesting  find¬ 
ing  of  this  study  was  that  greater  than  75%  of 
the  patients  who  completed  the  course  of  vaccina¬ 
tions  developed  intramolecular  epitope  spreading 
to  HER-2/neu  peptides  not  contained  within  their 
vaccine  preparation.  Strikingly,  epitope  spread¬ 
ing  was  significantly  associated  with  the  devel¬ 
opment  of  HER-2/neu  protein-specific  immunity, 
consistent  with  the  notion  that  epitope  spreading 
is  a  function  of  natural  endogenous  processing  of 
antigen  [81].  In  addition,  immunity  to  HER-2/neu 
protein  was  durable  and  lasted  for  at  least  1  year 
following  the  end  of  the  vaccinations.  An  addi¬ 
tional  arm  of  the  study  evaluated  immunization 
of  patients  with  helper  epitopes  that  encompassed 
within  their  natural  sequence  HLA-A2  binding 
motifs.  The  rationale  for  this  approach  is  that 
CD4+  T  cell  help  is  required  for  the  generation  of 
CDS4*  T  cell  responses  that  are  long-lived.  We  ex¬ 
amined  immune  responses  to  both  the  helper  and 
HLA-A2  peptides  in  HLA-A2  patients  selected 
to  receive  this  vaccine  formulation.  The  majority 
of  patients  developed  both  HER-2/neu  peptidc- 
and  protein-specific  T  cell  immunity.  Peptide  re¬ 
sponses  could  be  identified  to  both  the  longer 
class  II  epitopes  as  well  as  the  HLA-A2  binding 
peptides.  The  peptide-specific  CD8  f  T  cells  were 
able  to  lyse  HLA-matched  HER-2/neu  expressing 
tumor  cells,  and  significant  precursor  frequencies 
persisted  for  greater  than  1  year.  These  results 
demonstrate  that  durable  T  cell  immunity  can 
be  generated  in  breast  cancer  patients  and  that 
vaccines  can  be  developed  that  are  capable  of 
stimulating  natural  processing  and  presentation  of 
antigen  in  vivo. 

6.  Immune-based  strategies  in  advanced 
disease 

The  role  of  breast  cancer  vaccines  may  be  in 
preventing  cancer  relapse  or  even,  eventually,  the 
development  of  tumors.  However,  the  use  of  can¬ 
cer  vaccines  as  a  treatment  modality  in  eradicating 


established  malignancy  is  questionable.  Extrapo¬ 
lating  from  infectious  disease  models,  T  cell  pre¬ 
cursor  frequencies  after  influenza  immunization 
may  range  from  1 : 25,000  to  1:5000.  However, 
during  an  active  infection,  the  antigen-specific  T 
cell  precursor  frequency  may  achieve  levels  of 
1:50  circulating  T  cells.  Immune-based  strate¬ 
gies  in  advanced  stage  breast  cancer  must  focus 
on  increasing  the  tumor-specific  T  cell  precursor 
frequency  to  a  therapeutic  rather  than  protective 
level.  Examples  of  therapeutic  interventions  that 
may  potentially  be  effective  in  eradicating  exist¬ 
ing  breast  cancer  include  antigen-specific  adop¬ 
tive  T  cell  therapy  and  the  generation  of  a  mixed 
chimera  in  vivo  stimulating  a  graft  vs,  tumor 
effect  via  allotransplantation. 

The  primary  purpose  of  adoptive  T  cell  therapy 
is  to  augment  T  cell  responses  over  and  above  that 
achievable  by  vaccination  alone.  Clearly,  vaccina¬ 
tion  can  increase  the  number  of  immune  T  cells 
capable  of  recognizing  and  responding  to  anti¬ 
gen,  Repeated  vaccination  further  increases  the 
number  of  immune  effector  cells,  but  eventually 
a  plateau  of  responsiveness  is  reached  and  re¬ 
peated  immunizations  do  not  appreciably  change 
this  value  [82].  Adoptive  immunotherapy  may  al¬ 
low  levels  of  immunity  to  be  achieved  which  may 
mediate  an  antitumor  response.  Adoptive  trans¬ 
fer  of  T  cells  has  resulted  in  the  infused  cells 
representing  as  many  as  1 : 2  of  the  host’s  lym¬ 
phocytes  [82].  Experiments  in  a  murine  model  of 
breast  cancer  have  shown  that  vaccination  alone, 
in  the  neu-transgenic  mouse,  is  effective  only  for 
prevention  of  disease  and  not  treatment  of  es¬ 
tablished  malignancy  [73],  Mice,  vaccinated  with 
a  neu-specific  peptide-based  vaccine,  are  able  to 
resist  a  tumor  challenge  following  the  course  of 
immunization.  In  contrast,  if  vaccination  is  started 
on  the  same  day  as  a  tumor  implant  is  placed, 
tumors  grow  at  the  same  rate  in  vaccinated  as 
in  control  mice.  Therefore,  in  vivo  expansion  of 
antigen-specific  T  cells  must  be  limited  or  even 
suppressed.  One  potential  method  of  increasing 
the  number  of  antigen-specific  T  cells  to  the  level 
needed  to  eliminate  tumor  is  to  expand  T  cells 
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ex  vivo  followed  by  reinfusion.  T  cells  derived 
from  neuTg  mice  immunized  against  neu  were 
expanded  in  vitro  with  neu  peptides  [73].  The 
neu-specific  lymphocytes  were  then  infused  into 
tumor-bearing  mice  resulting  in  tumor  regression. 
Splenocytes  from  non-immunized  animals  were 
infused  as  a  control  and  had  no  antitumor  ef¬ 
fect.  Although  adoptive  immunotherapy  has  been 
successful  in  eradicating  established  disease  in 
animal  models  of  breast  cancer  [73]  the  approach 
has  not  been  successfully  translated  to  human 
clinical  trials.  Obstacles  to  the  development  of 
successful  T  cell  therapy  for  human  breast  cancer 
have  been  the  lack  of  (1)  defined  tumor  antigens 
which  would  allow  expansion  of  antigen-specific 
T  cells.  (2)  a  detailed  understanding  of  the  in 
vitro  expansion  requirements  of  T  cells  which 
would  allow  the  generation  of  maximal  numbers 
while  retaining  optimal  antigen-specific  function, 
and  (3)  understanding  the  in  vivo  environment 
necessary  for  sustaining  expansion  in  vivo.  Over 
the  last  several  years,  several  breast  cancer  tumor 
antigens  such  as  HER-2/neu  have  been  defined  by 
virtue  of  a  pre-existent  immune  response  against 
that  antigen  in  cancer  patients  [3,10,83].  In  addi¬ 
tion,  the  cytokine  environment  needed  to  expand 
a  functional  antitumor  population  and  sustain  it  in 
vivo  has  been  elucidated  to  some  degree  [82]. 

Recent  studies  have  shown  that  it  is  technically 
feasible  to  readily  expand  breast  antigen-specific 
T  cells  from  patients  who  have  been  immunized 
with  breast  cancer  vaccines  [84].  The  ease  of  ex 
vivo  isolation  and  expansion  may  be  related  to  a 
starting  precursor  frequency  that  has  been  boosted 
by  vaccination  [85].  As  an  example,  a  patient 
developed  a  significant  increase  in  CD8+  pre¬ 
cursor  frequency  to  HER-2/neu  HLA-A2  bind¬ 
ing  peptide,  p369-377,  after  active  immunization. 
Following  vaccination,  T  cell  clones  specific  for 
p369-377  were  isolated  by  limiting  dilution  and 
characterized.  A  total  of  21  p369-377  clones 
were  generated  from  this  patient.  With  the  ex¬ 
ception  of  two  clones,  all  clones  were  CD3+. 
Eleven  of  the  clones  were  CD8+/CD4“.  Nine 
of  the  clones  were  CD447CD8~,  despite  being 


specific  for  an  HLA-A2  binding  peptide.  The  re¬ 
maining  five  clones  contained  varying  levels  of 
both  CD4  and  CD8.  The  majority  (19/21)  of 
clones  expressed  the  a ff>  TCR,  but  interestingly, 
two  clones  expressed  the  y/5  TCR.  Several  of 
these  clones  could  be  induced  to  secrete  IFNy  in 
response  to  p369-377  peptide  stimulation.  Sev¬ 
eral  clones  could  lyse  HLA-A2-transfected  HER- 
2/neu-overexpressing  tumor  cells,  including  the 
y/l  TCR  expressing  clones.  A  similar  report  by 
Reddish  et  al„  demonstrates  that  breast  cancer 
patients  can  generate  MHC  class  I-restricted  CTL 
against  MUC-1 -expressing  adenocarcinomas  fol¬ 
lowing  vaccination  with  a  MUC-1  helper  peptide 
[86].  Investigations  such  as  these  demonstrate 
that  ex  vivo  expansion  and  characterization  of 
breast  cancer-specific  T  cells  is  most  likely  facil¬ 
itated  by  vaccination  and  may  lay  the  foundation 
for  the  use  of  antigen-specific  T  cell  infusions 
for  the  treatment  of  advanced  stage  breast  can¬ 
cer.  - 

Another  therapeutic  intervention  that  may 
greatly  increase  the  tumor-specific  T  cell  pre¬ 
cursor  frequency  is  allogeneic  hematopoietic  stem 
cell  transplantation  (alloHSCT)  [87].  AlloHSCT 
has  been  very  effective  in  treating  hematopoi¬ 
etic  malignancy,  and  a  significant  part  of  the 
curative  potential  of  alloHSCT  is  due  to  reac¬ 
tivity  of  donor  immune  cells  against  host  or 
tumor  cell  antigens  referred  to  as  the  ‘graft- 
versus-leukemia,  or  ‘graft-versus-tumor*  (GVTj 
effect  [88-90].  The  most  compelling  evidence  for 
a  cell-mediated  GVT  effect  comes  from  recent 
observations  that  the  infusion  of  allogeneic  lym¬ 
phocytes,  or  donor  lymphocyte  infusion  (DLI), 
results  in  the  remission  of  leukemic  cells  with¬ 
out  any  further  cytotoxic  therapy  in  patients  who 
experienced  relapse  of  disease  after  a  traditional 
alloHSCT  [91,92].  The  effectiveness  of  DLI  in 
inducing  the  remission  of  recurrent  malignancy 
has  been  demonstrated  for  almost  all  hematologic 
malignancies  although  its  efficacy  varies  across 
tumor  subtypes  [93,94]. 

Due  to  the  success  of  allogeneic  transplant 
in  mediating  an  antitumor  effect  in  hematopoi- 
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etic  cancers,  studies  have  been  initiated  inves¬ 
tigating  the  approach  in  solid  tumors  such  as 
breast  cancer.  Morccki  and  colleagues  studied 
the  effect  of  allogeneic  adoptive  T  cell  therapy 
on  tumor  growth  in  a  murine  transplant  model 
using  the  4T1  mammary  carcinoma  cell  line,  H- 
2d  [95].  Inoculation  of  4T1  cells  into  syngeneic 
mice,  BALB/c  or  (BALB/cXC57BL/6)Fl,  both 
of  an  H-2d  background,  resulted  in  the  develop¬ 
ment  of  lung  tumors.  Sub-lethally  irradiated  FI 
mice  were  inoculated  with  4T1  cells  to  simulate 
minimal  residual  disease.  Mice  then  received  im¬ 
munocompetent  splenocytes  derived  from  naive 
FI  mice,  BALB/c  mice  that  were  syngeneic  to 
the  tumor  but  semi-allogeneic  to  the  host,  or 
from  C57BL/6  mice  that  were  allogeneic  to  the 
tumor  and  semi -allogeneic  to  the  host.  The  sur¬ 
vival  of  FI  tumor-bearing  mice  that  were  treated 
with  allogeneic  C57BL/6  splenocytes  was  signif¬ 
icantly  prolonged,  as  compared  to  mice  given  FI 
or  BALB/c -derived  splenocytes  syngeneic  to  4T1 
tumor  cells.  Furthermore,  an  efficient  GVT  reac¬ 
tion  was  demonstrated  in  vitro  and  in  vivo  with 
MHC-mismatched  DBA/2  splenocytes  from  mice 
pre-sensitized  by  multiple  injections  of  irradiated 
tumor  or  BALB/c-derived  spleen  cells  [96]. 

Investigators  at  the  National  Cancer  Institute 
used  a  murine  metastatic  breast  cancer  model 
to  determine  whether  allo-specific  donor  CD  8* 
CTL  of  type  2  cytokine  phenotype  (Tc2  cells) 
mediate  a  GVT  effect  with  reduced  GVHD,  as 
compared  to  allo-specific  donor  CD8+  CTL  of 
type  1  cytokine  phenotype  (Tel  cells)  [97].  A 
parent-into-Fl  transplant  model  was  established 
using  B6  H-2b,  stem  cell  and  T  cell  infusions  into 
irradiated  CB6F1  hosts,  H-2b/d.  Mice  were  inoc¬ 
ulated  with  an  MMTV  breast  cancer  line,  TSA 
H-2d.  Both  Tel  and  Tc2  subsets  lysed  allogeneic 
targets,  including  the  TSA  breast  cancer  line.  On 
average,  transplanted  mice  receiving  tumor  but 
no  donor  T  eells,  died  of  tumor  at  day  29  after 
transplant.  Transplant  recipients  co-injected  with 
tumor  and  Tel  cells  or  Tc2  cells  demonstrated 
a  statistically  significant  prolongation  of  survival 
relative  to  controls.  The  GVT  effect,  mediated  by 


the  Tel  cells,  was  associated  with  histologic  evi¬ 
dence  of  severe  GVHD  in  all  major  target  organs. 
In  marked  contrast,  Tc2  recipients  had  greatly  re¬ 
duced  histologic  GVHD.  These  data  indicate  that 
immunocompetent  cells  allogeneic  to  the  mam¬ 
mary  carcinoma  cells  were  able  to  inhibit  tumor 
development  in  the  primary  host  and  to  prevent 
tumor  growth  in  the  adoptive  recipient,  which 
suggests  that  allogeneic  cell  therapy  may  be  an 
efficient  antitumor  therapy  for  breast  cancer. 

Although  alloHSCT  has  shown  promise  as  a 
therapeutic  strategy  in  advanced  stage  renal  cell 
carcinoma  [98],  whether  the  modality  has  rele¬ 
vant  clinical  implications  in  patients  with  breast 
cancer  is  still  unknown  but  there  is  anecdotal 
clinical  evidence  to  support  this  possibility  [99- 
101].  EibI  and  colleagues  reported  a  32-year-old 
woman  with  inflammatory  breast  cancer  who  re¬ 
ceived  an  allogeneic  bone  marrow  transplant  from 
an  HLA-identical  sibling  [99].  The  myeloablative 
conditioning  regimen  consisted  of  cyclophospha¬ 
mide,  thiotepa,  and  carboplatin.  Resolution  of  the 
patient's  liver  metastases  was  observed  simultane¬ 
ously  with  the  development  of  clinical  GVHD  in 
the  first  weeks  after  transplant.  CTL,  derived  from 
the  patient,  were  tested  in  a  chromium-release 
assay  against  B  and  T  lymphocytes  of  the  pa¬ 
tient  and  donor  collected  prior  to  transplant  as 
well  as  against  a  panel  of  breast  cancer  cell  lines. 
The  T  cells  recognized  host  cells  but  not  HLA- 
identical  donor  cells.  Recognition  was  MHC  class 
I  antigen-restricted.  In  addition,  minor  histocom¬ 
patibility  antigen  (MiHA)-specific  and  MHC  class 
I  antigen-restricted  cytotoxic  T  lymphocytes  rec¬ 
ognizing  breast  cancer  cells  were  isolated  from 
the  peripheral  blood  of  the  patient.  Four  of  eight 
breast  cancer  lines  were  recognized  by  CTL;  three 
of  them  shared  the  HLA  antigens  HLA-A2,  B44, 
and  DRL  Similarly,  Ueno  and  colleagues  treated 
10  metastatic  breast  cancer  patients  with  high- 
dose  chemotherapy  (cyclophosphamide,  BCNU, 
and  thiotepa)  and  alloHSCT  [100].  All  patients 
engrafted  and  had  hematologic  recovery.  Shortly 
after  transplantation,  one  patient  achieved  a  com¬ 
plete  remission,  five  achieved  a  partial  remis- 
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sion,  and  four  had  stable  disease.  In  two  patients, 
metastatic  liver  lesions  regressed  with  the  onset  of 
acute  GHVD,  suggesting  a  GVT  effect. 

These  studies  suggest  a  possible  GVT  effect 
in  breast  cancer;  however,  the  results  are  not 
definitive  and  there  is  significant  concern  over 
subjecting  patients  to  the  potential  risks  associ¬ 
ated  with  conventional  allogeneic  transplantation. 
These  potential  risks  include  GVHD  and  major 
organ  dysfunction  as  a  sequelae  of  niyeloablative 
preparative  regimens.  The  demonstration  that  an 
immune-mediated  GVT  effect  plays  a  central  role 
in  the  therapeutic  efficacy  of  alloHSCT  has  led  to 
the  development  of  less  intense  conditioning  reg¬ 
imens  which  are  adequately  immunosuppressive 
to  permit  the  engraftmcnt  of  donor  hematopoi¬ 
etic  stem  cells.  A  variety  of  hon-myeloabl alive 
conditioning  regimens  have  been  reported  [102- 
107].  All  regimens  share  the  similar  goal  of  pro¬ 
viding  sufficient  immunosuppression  to  achieve 
allogeneic  donor  engraftmcnt  While  attempting 
to  minimize  toxicity,  Rizzieri  and  colleagues 
at  Duke  University  have  recently  reported  ini¬ 
tial  results  using  non-myeloablative  alloHSCT 
in  the  setting  of  metastatic  breast  cancer  [108]. 
Following  a  conditioning  regimen  of  Campath 
1H,  fludarabine,  and  cyclophosphamide,  five  pa¬ 
tients  with  metastatic  breast  cancer  underwent 
alloHSCT.  At  a  median  follow-up  of  90  days, 
three  patients  had  been  observed  to  have  a  partial 
response  after  transplantation.  At  the  time  of  this 
report,  four  of  the  five  patients  had  maintained  a 
partial  response  or  stable  disease. 

Several  observations  can  be  made  from  these 
early  trials.  The  data  indicate  that  engraftment  of 
donor  hematopoietic  stem  cells  may  occur  with 
both  fludarabine-  and  radiation-based  regimens. 
However,  as  shown  in  other  studies,  there  is  great 
variability  relative  to  the  degree  of  donor  engraft¬ 
ment,  and  graft  rejection  is  a  significant  problem 
[102,109].  Although  these  regimens  have  pro¬ 
vided  many  of  the  anticipated  advantages,  many 
of  the  problems  that  have  been  associated  with 
myeloablative  alloHSCT  persist,  e  g.  GVHD,  and 
will  have  to  be  addressed  in  future  trials. 


7,  Conclusions 

Breast  cancer  is  an  immunogenic  tumor.  Patients 
develop  immune  responses  against  specific  pro¬ 
teins  regulating  the  growth  of  their  tumors,  but 
the  immunity  that  occurs  endogenously  is  not  ef¬ 
fective  for  tumor  eradication.  Both  the  immune 
microenvironment  and  the  tumor  microenviron¬ 
ment  influence  the  initiation  and  propagation  of 
breast  cancer-specific  immunity.  As  the  complex 
interplay  between  T  cells,  cytokines,  APC,  tu¬ 
mor  cells,  and  other  immune  effectors  is  unrav¬ 
eled,  immunotherapy  targeting  breast  cancer  can 
be  more  rationally  designed.  Clinically,  the  ap¬ 
plication  of  immune-based  treatment  to  breast 
cancer  is  dictated  by  stage  of  disease.  Recent 
clinical  studies  are  demonstrating  the  generation 
of  immune  responses  after  active  immunization. 
Hopefully,  advances  defining  immunity  to  breast 
cancer  at  the  bench  will  result  in  similar  successes 
in  the  application  of  the  immunotherapies  in  the 
clinic. 

8.  Abbreviations 

APC  antigen  presenting  cell 

CTL  cytotoxic  T  cell 

DC  dendriticcell 

DLN  draining  lymph  node 

HLA  human  leukocyte  antigen 

IFN  interferon 

IL  interleukin 

MHC  major  histocompatibility 

MUC  mucin  ;  r-  7  • 

NK  natural  killer 

NKT  natural  killer  T  cell 

neuTg  neu-transgenic 

TOR  T  cell  receptor 

TNF  tumor  necrosis  factor 
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ABSTRACT 


Prolonged  administration  of  HER-2/neu-specific  monoclonal  antibody  therapy  is  now  widely 
used  for  the  treatment  of  HER-2/neu-overexpressing  tumors  in  advanced-stage  breast  cancer 
patients.  Monoclonal  antibody  therapy  has  the  potential  to  promote  reduced  tumor  expression  of 
HER-2/neu  by  receptor  down-modulation  and/or  the  generation  of  antigen-negative  variants. 
Loss  of  antigen  by  either  mechanism  could  potentially  impact  subsequent  therapeutic  strategies 
targeting  HER-2/neu  In  this  study  the  effects  of  chronic  neu-specific  monoclonal  antibody 
therapy  on  tumor  growth  and  neu  protein  expression  were  examined  in  a  murine  model  of  neu- 
overexpressing  breast  cancer.  Treatment  of  neu-overexpressing  tumors  with  neu-specific 
antibody,  in  vitro  or  in  vivo,  resulted  in  significant  tumor  growth  inhibition.  When  neu  antibody 
was  used  to  treat  neu-overexpressing  tumor  cells  both  in  vitro  and  in  vivo  in  tumor-bearing  mice, 
neu  receptor  expression  was  not  diminished  after  cessation  of  therapy.  However,  in  the  setting 
of  clinically  undetectable  disease  in  a  minority  of  animals,  antigen-negative  variants  were 
generated.  An  understanding  of  the  effects  of  monoclonal  antibodies  on  target  antigen 
expression  is  critical  for  the  future  design  and  testing  of  novel  HER-2/neu  targeted  therapies 
administered  in  combination  with  or  following  HER-2/neu-specific  monoclonal  antibody 
therapy. 
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INTRODUCTION 


HER-2/neu  is  an  oncoprotein  that  is  commonly  overexpressed  on  a  variety  of  different  types  of 
tumors.  Approximately  20-30%  of  human  breast  cancers  overexpress  HER-2/neu.  Patients  with 
HER-2/neu-overexpressing  breast  cancer  have  poorer  overall  survival  rates  and  shorter  times  to 
disease  progression  than  compared  to  patients  whose  tumors  do  not  overexpress  HER-2/neu  (1). 
HER-2/neu  is  also  associated  with  increased  resistance  to  chemotherapy  (2).  Because  of  these 
clinical  characteristics  of  HER-2/neu  protein  expression  in  tumors,  great  effort  is  being  applied 
to  developing  therapies  that  specifically  target  HER-2/neu. 

HER-2/neu-specific  monoclonal  antibody  (i.e.  trastuzumab)  therapy  has  recently  been  approved 
for  clinical  use  and  is  now  a  standard  of  care  for  the  treatment  of  advanced  breast  cancers  that 
overexpress  the  HER-2/neu  oncoprotein  (3).  Other  emerging  HER-2/neu-targeted  therapies 
therefore  will  most  likely  be  tested  in  combination  with  anti-HER-2/neu  monoclonal  antibody 
therapy.  In  general,  monoclonal  antibody  therapy  can  the  alter  the  cell  surface  expression  of  the 
target  antigen  by  one  of  two  major  mechanisms.  The  first  mechanism  is  receptor  down- 
modulation,  a  process  by  which  antibody  induces  internalization  and  degradation  resulting  in 
reduced  or  nonexistent  expression  of  the  receptor  at  the  cell  surface.  This  mechanism  is  rapid, 
occurring  within  minutes,  and  is  reversible  upon  removal  of  antibody  (4).  The  second 
mechanism  is  antigen-negative  variant  selection  which  results  in  the  outgrowth  of  a  cell 
population  that  permanently  expresses  little  or  no  receptor.  The  development  of  neu  antigen¬ 
negative  variants  after  successful  monoclonal  antibody  therapy  would  have  a  great  impact  on  the 
clinical  efficacy  of  subsequent  neu-directed  therapies. 
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In  this  study,  we  evaluated  the  effects  of  multiple  doses  of  neu-specific  antibody  on  tumor 
growth  and  assessed  the  impact  of  the  therapy  on  neu  protein  expression  (5).  The  growth 
inhibitory  effects  of  anti-neu  antibody,  7.16.4,  were  evaluated  in  a  transgenic  (neu-tg)  mouse 
model  of  neu-overexpressing  breast  cancer  in  various  disease  settings  from  minimal  disease  to 
advanced  established  malignancy. 
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MATERIALS  AND  METHODS 


Animals.  A  colony  of  neu-transgenic  (neu-tg)3  mice  [strain  name:  FVB/N-TgN 
(MMTVneu)202Mul]  was  established  from  breeder  pairs  obtained  from  Charles  River 
Laboratory  (Bar  Harbor,  ME)  (5).  The  mice  harbor  the  non-mutated,  non-activated  rat  neu 
proto-oncogene  under  control  of  the  MMTV  promoter.  Only  female  mice,  8-12  weeks  old,  were 
used  for  experimentation.  Animal  care  and  use  was  in  accordance  with  the  University  of 
Washington  institutional  guidelines. 

Reagents.  Fetal  calf  serum  (FCS)  was  obtained  from  Gemini  Bioproducts  (Woodland,  CA). 
RPMI-1640,  PBS,  penicillin-streptomycin,  and  L-glutamine  were  obtained  from  Gibco-BRL 
(Grand  Island,  NY).  Monoclonal  antibody  7.16.4,  a  mouse  IgG2a  antibody  reactive  with  the  rat 
neu  oncogene-encoded  pi 85  molecule  was  generously  provided  by  Dr.  Mark  Greene  and  has 
been  previously  described  (6).  Rat  anti-mouse  IgG-FITC  antibody  was  obtained  from 
Pharmingen  (San  Diego,  CA)  and  4G10  antibody  was  obtained  from  Upstate  Biotechnology  Inc. 
(Lake  Placid,  NY).  Rabbit  anti -neu  antibody  (Ab-1)  was  obtained  from  Oncogene  Research 
Products  (Cambridge,  MA).  Enhanced  chemiluminescence  reagents  and  ECL  film  were  from 
Amersham  International  (Oakville,  Ontario).  Ethylenediaminetetraacetate  acid  (EDTA)  was 
obtained  from  Ambion  (Austin,  TX).  The  protein  quantification  kit,  ProteinDc,  was  obtained 
from  BioRad  (Hercules,  CA). 


3  The  abbreviations  used  are:  monoclonal  antibody,  monoclonal  antibody;  neu-tg,  neu-transgenic;  MMC,  murine 
mammary  carcinoma;  ANY,  antigen  negative  variant. 


5 


Cell  lines.  Mouse  mammary  carcinoma  (MMC)  cell  line  was  established  from  a  spontaneous 
tumor  harvested  from  the  neu-tg  mice.  MMC  cells  were  grown  and  maintained  in  RPMI 
supplemented  with  20%  FCS  as  well  as  penicillin/streptomycin  and  L-glutamine.  Antigen 
negative  variant  (ANV)  is  a  cell  line  derived  from  a  neu-loss  variant  tumor  and  is  maintained  in 
culture  identical  to  MMC. 

Tumor  growth  in  vitro  and  in  vivo.  For  in  vitro  experiments  1.0  x  105  MMC  or  ANV  were 
plated  in  6  well  plates  with  media  alone,  mouse  IgG2a  (Sigma  Aldrich,  St.  Louis,  MO),  or 
various  doses  of  7.16.4.  Cells  were  harvested  with  a  NaCl  solution  (0.8%)  with  2  mM  EDTA, 
washed,  counted,  and  prepared  for  flow  cytometry  or  western  blot  analysis.  For  in  vivo  tumor 
growth,  MMC  cells  were  harvested  using  2  mM  EDTA  and  washed  prior  to  injection.  Eight  to 
twelve  week  old  female  neu-tg  mice  were  inoculated  with  6  x  106  MMC  cells  subcutaneously  on 
the  right  mid-dorsum  with  a  23-gauge  needle,  which  is  a  dose  of  tumor  cells  that  consistently 
results  in  the  development  of  tumors  in  100%  of  neu-tg  mice.  Tumors  were  measured  every 
other  day  with  vernier  calipers  and  tumor  size  was  calculated  as  the  product  of  length  x  width. 
Data  are  presented  as  mean  +/-  SEM.  Significance  (p<  0.05)  was  determined  using  Student’s  t 
test  by  comparing  the  means  of  different  treatment  groups.  Mice  were  treated  with  every  other 
day  tail  vein  dosing  of  either  100  pi  PBS  as  control  or  30  pg  7.16.4  in  PBS.  Tumor 
measurements  were  taken  every  2-3  days  during  tumor  growth  studies. 

Flow  cytometry.  Cultured  tumor  cells  were  removed  from  plates  using  PBS  with  2  mM  EDTA. 
Tumor  cells  grown  in  vivo  were  harvested  from  mice  by  careful  dissection  under  sterile 
conditions  then  passed  through  a  fine  wire  mesh  and  washed.  Both  in  vitro  and  in  vivo  harvested 
cells  were  washed  in  PBS  containing  1%  FCS  prior  to  labeling.  Cells  (0.5  to  1.0  x  106)  were 
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incubated  with  2-5  pi  of  primary  antibody  (control  IgG2a  or  anti-neu  7.16.4)  were  added  at  4°C 
for  30  minutes  and  washed  3  times  followed  by  secondary  labeling  with  fluorescein 
isothiocyanate  (FITC)  conjugated  goat  anti-rat  antibody  at  4°C  for  30  minutes  followed  by  3 
washes.  Samples  were  run  on  a  FACS  Scan  II  and  analyzed  using  Cell  Quest  software  (Becton 
Dickinson,  San  Diego,  CA). 

Western  blotting  and  immunoprecipitation.  Whole  cell  lysates,  prepared  in  lysis  buffer 
(20  mM  Tris,  pH  8.0,1%  Triton  X-100,  137  mM  NaCl,  10%  glycerol,  2  mM  EDTA,  ImM 
Na3VC>4,  5  mM  NaF)  as  previously  described  (7),  were  analyzed  by  SDS-PAGE  and 
immunoblotting  with  anti-phosphotyrosine  monoclonal  antibody  (4G10)  and  anti-neu  (Ab-1)  by 
previously  described  methods  (8).  Protein  concentrations  were  determined  using  Bio-Rad 
ProteinDc  and  bovine  serum  albumin  as  standard.  Rat  neu  was  immunoprecipitated  from  tumor 
cells  by  incubating  0.5- 1.5  mg  of  lysate  with  anti-neu  7.16.4  for  2  hours  at  4°  followed  by  the 
addition  of  50  pi  of  protein  G-sepharose  for  an  additional  2  hours.  To  assess  the  amount  of  neu 
protein,  membranes  were  probed  with  5  ng/ml  anti-neu  polyclonal  antibody,  Ab-1  and  (1:2000 
dilution)  anti-mouse  HRP  and  developed  by  enhanced  chemiluminescence  as  described  (8). 
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RESULTS 


Neu-specific  monoclonal  antibody  treatment  inhibits  neu-mediated  tumor  growth  in  vitro 
without  loss  of  cell  surface  neu  expression.  Neu-specific  monoclonal  antibody,  7.16.4,  was 
evaluated  at  varying  concentrations  (0,  1,10,  50,  and  100  pg/ml)  for  growth  inhibition,  in  vitro, 
against  neu+  MMC  and  neu'  ANV  as  shown  in  Figure  1.  Antibody  was  added  only  once  to 
culture  on  day  0  and  cell  numbers  were  evaluated  5  days  later.  7.16.4  specifically  inhibited  the 
growth  of  MMC  but  not  ANV  (Fig.  1).  The  response  of  MMC  was  dose  dependent  and  growth 
at  100  pg/ml  7.16.4  antibody  resulted  in  a  cell  yield  of  15  ±  4  %  (mean  ±  SD)  of  control  cells 
that  had  been  incubated  in  the  absence  of  7. 1 6.4.  In  contrast,  ANV  were  unaffected  by  inclusion 
of  7.16.4  and  at  100  pg/ml  the  cell  yield  of  ANV  was  111  ±  2%  of  control  ANV  cells.  MMC 
grown  in  the  presence  of  50  pg/ml  isotype  matched,  non-specific  mouse  IgG  resulted  in  only  a 
minor  incremental  decrease  in  cell  yield  (87  ±  7%  vs.  control,  data  not  depicted  in  graph). 

The  cell  surface  expression  of  neu  on  MMC  was  examined  in  cells  that  were  treated  with  7.16.4 
or  isotype-matched  IgG  in  vitro.  As  shown  in  Figure  2A,  compared  with  either  control  media 
(PBS)  or  non-specific  IgG,  the  addition  of  7.16.4  antibody  did  not  result  in  changes  in  the  mean 
levels  of  neu  expression  at  the  cell  surface  of  MMC  over  the  range  of  doses  examined  in  Figure 
1.  Furthermore,  changes  in  the  total  cellular  levels  of  neu  expression  were  not  altered  as 
assessed  by  immunoblotting  of  cellular  lysates  (data  not  shown).  Representative  histograms  are 
shown  in  Figures  2B-2E.  In  Figures  2D-E,  staining  of  7.16.4-treated  MMC  with  7.16.4  and 
FITC-conjugated  anti-mouse  IgG  antibody  revealed  no  significant  down-modulation  of  cell 
surface  neu.  FITC-a-IgG,  when  used  alone,  also  stained  the  cells  (open  histograms)  reflecting 
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the  presence  of  the  initial  dose  of  7.16.4.  Untreated  control  cells  (Fig.  2B)  did  not  demonstrate 
binding  of  FITC-a-IgG.  The  effects  of  non-specific  IgG  treatment  of  MMC  are  shown  in  Figure 
2C. 

Neu-specific  monoclonal  antibody  inhibits  neu-mediated  tumor  growth  in  vivo  in  an 
established  tumor  setting  without  neu  receptor  down-modulation.  The  effect  of  7.16.4 
treatment  on  in  vivo  growth  of  tumors  was  examined  as  shown  in  Figure  3.  Continuous 
treatment  every  other  day  with  7.16.4,  starting  on  either  day  10  or  day  14  after  tumor  implant  did 
not  result  in  complete  inhibition  or  regression  but  did  result  in  a  reduced  rate  of  tumor  growth  in 
comparison  to  PBS  control.  The  earlier  therapy  was  started,  the  greater  the  impact  on  overall 
tumor  growth.  For  example,  at  20-24  days  following  tumor  challenge,  tumors  of  mice  that  were 
treated  beginning  on  day  10  following  challenge  were  approximately  90%  smaller  than  controls 
while  sizes  of  tumors  in  mice  treated  beginning  on  day  14  were  60%  smaller.  At  day  24,  the 
mean  tumor  sizes  differed  significantly  from  each  other,  control  vs.  day  10,  p=0.01;  control  vs. 
day  14,  p=0.004;  day  14  vs.  day  10;  p=0.01.  The  cell  surface  expression  of  neu  was  also 
examined  in  tumors  harvested  from  antibody  treated  animals  (Fig.  4).  There  was  no  measurable 
difference  in  the  relative  mean  fluorescent  intensity  (rMFI)  of  cell  surface  neu  expression  in 
antibody-treated  animals  as  compared  to  PBS-treated  animals  (Fig  4A).  Representative 
histograms  are  shown  in  Figures  4B-E.  Figures  4B-D  show  that  antibody  treated  tumors  still 
maintain  high  levels  of  neu  expression.  The  levels  of  neu  expression  in  tumors  from  treated 
animals  were  comparable  to  tumors  from  untreated  animals. 
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Neu  antigen-negative  variants  can  develop  in  some  animals  after  treatment  with  a  neu- 
specific  monoclonal  antibody.  When  therapy  with  7.16.4.  monoclonal  antibody  is  initiated  at 
the  time  of  tumor  injection  tumor  growth  is  either  completely  inhibited  or  significantly  delayed 
(Fig.  5).  The  antibody-treated  group  received  antibody  injections  every  other  day  for  a  total  of 
30  days.  While  all  of  the  mice  that  received  control  infusions  of  PBS  developed  tumor,  none  of 
the  mice  that  were  treated  with  7.16.4  developed  measurable  tumors  during  the  course  of  therapy 
(Fig.  5A).  The  treated  mice  were  followed  for  an  additional  45  (75  days  total)  days  to  evaluate 
potential  recurrence  for  relapse  as  shown  in  Fig.  5B.  Two  of  6  (33%)  mice  eventually  relapsed 
with  small  slow  growing  tumors  at  the  tumor  injection  site  after  day  51.  The  remaining  mice  did 
not  develop  tumors  up  to  day  75.  The  tumors  were  examined  in  the  relapsing  mice  for  cell 
surface  expression  of  neu  (Fig.  6).  Compared  to  MMC  tumor  cells  shown  in  Fig.  6A,  relapse 
tumors  (Figs.  6D-E)  demonstrated  no  neu  expression  and  were  comparable  to  the  ANV  cell  line 
(Fig.  6C). 
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DISCUSSION 


In  this  study,  we  investigated  the  impact  of  chronic  neu-specific  monoclonal  antibody  therapy  on 
the  expression  of  the  target  antigen,  neu.  Chronic  monoclonal  antibody  therapy  can  potentially 
induce  the  loss  of  target  antigen  expression  at  the  cell  surface  by  two  major  mechanisms.  First, 
binding  of  antibody  to  cell  surface  molecules  can  result  in  activation-induced  internalization  and 
degradation.  Second,  theoretically,  antigen-negative  variants  can  arise  following  destruction  of 
antigen-positive  tumor  cells  by  antibody-induced  mechanims. 

Antibody-induced  internalization  of  the  target  antigen  has  been  reported  for  a  number  of  cell 
surface  receptors  and  is  a  relatively  rapid  event  occurring  immediately  after  antibody  exposure 
(9).  Vesicles  internalizing  the  receptors  fuse  with  lysosomes  which  results  in  increased 
degradation  and  reduced  steady  state  levels  of  the  receptor  (9).  While  not  all  monoclonal 
antibodies  induce  internalization,  prior  in  vitro  studies  have  demonstrated  that  7.16.4  results  in 
HER-2/neu  down-modulation  of  neu-transformed  NIH  3T3  cells  (4,  10,  11).  The  loss  of  HER- 
2/neu  expression  by  down-modulation  significantly  inhibits  growth  and  causes  reversion  of  the 
transformed  phenotype  (4).  Receptor  internalization  induced  by  7.16.4  in  the  NIH  3T3  cells  is  a 
rapid  event  occurring  in  the  first  hour  of  antibody  exposure  and  is  sustained  as  long  as  antibody 
is  delivered  (4).  These  findings  have  led  to  the  conclusion  that  a  major  mechanism  of  the 
growth-inhibitory  action  of  7.16.4  is  through  antibody-induced  internalization.  In  vitro  studies 
with  trastuzumab  (Herceptin)  have  also  led  to  similar  conclusions  (1 1).  In  the  current  study,  in 
an  established  disease  model,  neu  surface  expression  was  retained.  A  potential  explanation  for 
why  we  did  not  observe  receptor  down-modulation  in  our  studies  is  that  receptor  internalization 
is  rapidly  reversed  with  cessation  of  antibody  therapy.  Down-modulation  of  the  receptor  may 
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have  been  reversed  during  the  time  necessary  for  harvesting  and  analysis  of  the  tumor  cells. 
Another  possible  mechanism  is  that  inhibition  of  growth  signaling  by  receptor  internalization  and 
degradation  by  monoclonal  antibody  therapy  could  have  induced  increased  receptor  synthesis 
resulting  in  no  detectable  change  in  cell  surface  neu  expression.  Indeed,  previous  studies  have 
shown  an  inverse  correlation  between  HER-2/neu  signaling  and  HER-2/neu  protein  expression. 
For  example,  Antoniotti  and  colleagues  observed  that  epidermal  growth  factor-induced  down- 
modulation  of  HER-2/neu  in  breast  cancer  cell  lines  is  accompanied  by  a  compensatory  increase 
in  the  transcription  of  the  HER-2/neu  gene  (12).  Thus,  in  the  present  study,  blockade  of  growth 
signals  by  neu  with  neu-specific  monoclonal  antibodies  may  have  led  to  a  compensatory  increase 
in  neu  transcription  that  could  have  offset  any  down-modulation.  In  recent  studies  it  has  been 
demonstrated  that  HER-2/neu  receptors  can  be  endocytosis  impaired  compared  to  EGFR  when 
exposed  to  receptor-specific  monoclonal  antibodies  (13).  It  is  possible  that  neu+  tumor  cells 
arising  in  the  neu-tg  mouse  are  endocytosis  defective.  Recently,  loss  of  antigen  expression  has 
been  observed  in  stage  II  and  III  breast  cancer  patients  undergoing  preoperative  trastuzumab 
therapy.  In  that  study  patients  with  HER-2/neu-overexpressing  tumors  were  treated  with 
trastuzumab  and  paclitaxel  prior  to  surgery  and  adjuvant  therapy  (14).  HER-2/neu  status  was 
determined  prior  to  any  treatment  and  at  the  time  of  surgery  (i.e.  following 
trastuzumab/paclitaxel  therapy).  Seventy-five  percent  of  the  patients  had  objective  clinical 
responses  to  preoperative  trastuzumab  and  paclitaxel  therapy.  Twenty-seven  (68%)  of  the 
patients  had  assessable  tumors  following  preoperative  therapy,  in  which  it  was  observed  that  7 
had  significantly  reduced  levels  of  HER-2/neu  staining.  While  the  authors  suggest  that  down- 
modulation  may  have  occurred,  the  analyses  did  not  appear  to  be  extensive  enough  to  rule  out 
the  possibility  that  antigen-negative  variants  were  observed. 
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The  generation  of  antigen-negative  variants  results  from  immunoselection  is  a  significant  clinical 
issue  in  the  development  of  immune-based  therapies  targeting  a  single  antigen  and  has  been  best 
described  for  clinical  studies  focusing  on  T  cell-directed  immunotherapy.  For  example,  in  a 
study  by  Jager  and  colleagues,  melanoma  patients  treated  with  a  MART-1  and  tyrosinase 
peptide-based  vaccine  showed  gradual  losses  in  expression  of  both  MART-1  and  tyrosinase 
protein  suggesting  immunoselection  (15).  Only  recently  has  there  been  some  indication  that 
monoclonal  antibody  therapy  might  result  in  the  generation  of  antigen-negative  variants.  In 
lymphoma  patients  treated  with  monoclonal  anti-CD20  antibody  (i.e.  rituximab)  it  was  observed 
that  treatment  resulted  in  reduced  CD20  expression  in  the  tumor  cells  localized  to  the  bone 
marrow  but  not  those  localized  to  lymph  nodes  (16).  In  the  present  study,  in  the  established 
disease  model,  we  did  not  see  the  generation  of  antigen-negative  variants  most  likely  because 
therapy  was  only  cytostatic  rather  than  cytolytic  and  the  neu-positive  tumors  continued  to  grow. 
However,  when  the  tumor  burden  was  minimal,  tumor  growth  was  significantly  delayed  or 
inhibited  and  the  animals  were  apparently  cured  for  an  extended  period  of  time  following 
discontinuation  of  monoclonal  antibody  therapy.  A  fraction  of  the  animals  however  developed 
antigen-negative  tumors  after  a  long  latency.  The  fact  that  these  animals  had  been  off  of  therapy 
for  20  days  prior  to  the  development  of  tumors  argues  that  these  tumors  were  true 
immunoselected  antigen-negative  variants  rather  than  tumors  with  transient  down-modulation. 
Immunoselection  of  antigen-negative  variants  represents  successful  immune  therapy  targeting  a 
single  antigen  and  argues  that  monoclonal  antibody  therapy  should  be  combined  with  strategies 
targeting  other  antigens  to  minimize  the  risk  of  antigen-negative  variants.  Furthermore, 
identifying  whether  antigen-negative  variants  arise  after  therapy  would  be  critical  for  design  of 
future  therapies  for  the  patient  that  may  target  the  same  antigen,  because  of  the  efficacy  of  the 
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subsequent  targeted  approaches  can  only  be  interpreted  in  light  of  the  tumor  antigen  levels 
present  at  the  start  of  therapy. 

Many  strategies  are  being  tested  that  specifically  target  HER-2/neu,  including  monoclonal 
antibody  therapy,  gene  therapy,  vaccines,  tyrosine  kinase  inhibition,  adoptive  T-cell  therapy,  and 
antisense  therapy  (17).  HER-2/neu-specific  monoclonal  antibody  therapy  (i.e.  trastuzumab)  has 
shown  clinical  efficacy  and  is  now  a  standard  of  care  for  the  treatment  of  HER-2/neu- 
overexpressing  breast  cancer  (3).  Current  routine  clinical  use  of  anti-HER-2/neu  monoclonal 
antibody  therapy,  for  extended  periods  of  time  in  advanced  cancer  patients,  mandates  that  newer 
HER-2/neu  targeting  therapeutics  be  tested  in  combination  with  trastuzumab.  The  mechanism  of 
loss  of  antigen  expression  is  important.  If  tumors  lost  surface  antigen  expression  due  mainly  to 
receptor  down-modulation,  monoclonal  antibody  therapy  targeting  HER-2/neu  may  improve 
other  approaches  such  as  HER-2/neu-specific  adoptive  T  cell  therapy.  In  an  in  vitro  study,  zum 
Buschenfelde  and  colleagues  observed  that  trastuzumab  pretreatment  enhanced  the  cytolytic 
activity  of  HER-2/neu-specific  T  cells  against  HER-2/neu-overexpressing  tumors  (18).  Results 
of  that  study  suggested  that  it  is  possible  that  trastuzumab  promotes  the  internalization  and 
degradation  of  HER-2/neu  resulting  in  increased  presentation  of  HER-2/neu  MHC  class  I 
epitopes  which  may  lead  to  greater  activation  and  expansion  of  HER-2/neu-specific  T  cells.  A 
mechanism  of  loss  of  receptor  expression  such  as  the  generation  of  antigen  negative  variants 
would  render  subsequent  neu-directed  therapies  useless. 

In  summary,  we  show  here  a  murine  model  of  effective  antibody-based  therapy  that  does  not 
result  in  neu  receptor  down-modulation  during  chronic  cytostatic  treatment  of  established 
disease.  However,  tumors  that  arise  after  chronic  antibody  therapy  in  the  setting  of  minimal 
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disease  are  true  antigen-negative  variants.  Thus,  the  development  of  permanent  antigen-negative 
variants  may  be  influenced  by  the  disease  burden  present  at  the  start  of  therapy.  Lastly,  an 
understanding  of  the  effects  of  monoclonal  antibody  therapy  on  target  antigen  expression  is 
critical  for  the  future  design  and  testing  of  novel  HER-2/neu-directed  therapies  administered  in 
patients  undergoing  HER-2/neu-specific  monoclonal  antibody  therapy. 
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FIGURE  LEGENDS 


Fig.  1.  Neu-specific  monoclonal  antibody  treatment  inhibits  neu-mediated  tumor  cell  growth  in 
vitro.  Shown  are  cell  counts  of  neu+  MMC  (solid  circles)  and  neu'  ANV  (open  circles)  tumor 
cells  grown  in  vitro  with  7.16.4  antibody  at  concentrations  of  0,  1,  10,  50,  and  100ug/ml. 
Results  are  the  mean  of  duplicate  determinations  expressed  as  a  percent  of  control  and  are 
representative  of  two  independent  experiments  yielding  similar  results. 

Fig.  2.  Neu-specific  monoclonal  antibody  treatment,  in  vitro,  does  not  result  in  the  loss  of  cell 
surface  neu  expression.  Panel  A:  Mean  fluorescence  intensity  of  neu  expression  (MFI)  of 
control  (none),  non-specific  IgG-treated,  and  7.16.4-treated  MMC.  Each  bar  represents  the  mean 
(±  s.e.m.)  of  2  independent  measurements  using  5000  gated  events.  Representative  histograms 
are  shown  for  MMC  cells  treated  with  PBS  (panel  B),  isotype-matched  IgG  (50pg/ml,  panel  C), 
and  either  50  pg/ml  (panel  D)  or  100  pg/ml  (panel  E)  7.16.4  antibody.  Staining  was  performed 
using  7.16.4  anti-neu  followed  by  FITC-conjugated  rat  anti-mouse  IgG  (filled  histograms)  or 
with  FITC-conjugated  anti-mouse  IgG  alone  (open  histograms). 

Fig-3.  Neu-specific  monoclonal  antibody  inhibits  neu-mediated  tumor  growth  in  vivo  in  an 
established  tumor  setting.  Shown  are  tumor  measurements  from  tumor-bearing  control  mice 
(PBS,  circles)  and  tumor-bearing  mice  treated  with  7.16.4  antibody  starting  on  either  day  10 
(squares)  or  day  14  (diamonds)  following  tumor  cell  injection.  Each  data  point  is  the  mean  tumor 
measurements  (±  s.e.m.)  from  15-16  mice. 

Fig.  4.  Neu-specific  monoclonal  antibody  treatment,  in  vivo,  does  not  result  in  the  loss  of  cell 
surface  neu  receptor  expression.  Panel  A  shows  relative  mean  neu-specific  fluorescence 
intensity  (rMFI)  of  tumors  from  control  (PBS)  and  7.16.4-treated  (days  10  and  14)  mice.  Each 
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bar  represents  the  neu-specific  mean  rMFI  (±  s.e.m.)  of  3  different  tumors  using  5000  gated 
events.  Representative  histograms  are  shown  for  PBS-treated  control  (panel  B),  and  7.16.4- 
treated  mice  with  treatment  started  10  days  (panel  C)  and  14  days  (panel  D)  after  tumor  cell 
injection.  Staining  was  performed  using  7.16.4  anti-neu  followed  by  FITC-conjugated  rat  anti¬ 
mouse  IgG  (filled  histograms)  or  with  FITC-conjugated  anti-mouse  IgG  alone  (open  histograms). 

Fig.  5.  Neu-specific  monoclonal  antibody  therapy  inhibits  tumor  development  in  neu-transgenic 
mice.  Panel  A  shows  tumor  measurements  from  control  mice  (PBS,  closed  circles)  and  mice 
treated  with  7.16.4  antibody  (open  circles).  Each  data  point  represents  the  mean  (±  s.e.m)  of  7 
mice.  The  arrows  mark  the  cessation  of  antibody  therapy.  Results  shown  are  representative  of  2 
independent  experiments  yielding  similar  results.  Panel  B  shows  an  extended  analysis  of  the 
percent  of  tumor  free  mice  over  a  time  period  of  75  days  following  tumor  injection.  Treatment 
with  7.16.4  antibody  or  PBS  (control)  was  started  on  day  0  and  terminated  on  day  30  (arrow). 
Each  symbol  gives  the  percentage  of  6  mice  that  were  tumor  free  on  the  observation  day. 

Fig.  6.  Neu  antigen-negative  variants  can  develop  in  some  animals  after  treatment  with  a  neu- 
specific  antibody.  Panel  A  shows  relative  mean  neu-specific  fluorescence  intensity  (rMFI)  of  the 
MMC  tumor  cell  line  (MMC),  ANV  tumor  cell  line  (ANV)  and  2  relapsed  tumors  from  7.16.4- 
treated  mice.  Each  bar  represents  the  neu-specific  mean  rMFI  derived  from  a  minimum  of  5000 
gated  events.  Representative  histograms  are  shown  for  the  MMC  cell  line  (panel  B),  ANV  cell 
line  (panel  C),  and  the  relapse  tumors  from  7.16.4-treated  mice  with  treatment  starting  at  the  time 
of  tumor  cell  injection.  Staining  was  performed  using  7.16.4  anti-neu  followed  by  FITC- 
conjugated  rat  anti-mouse  IgG  (filled  histograms)  or  with  FITC-conjugated  anti-mouse  IgG 
alone  (open  histograms). 
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Abstract 

There  are  few  vaccination  strategies  available  for  the  reproducible  generation  of  a  cytotoxic 
T  cell  (CTL)  response,  particularly  in  the  setting  of  immunizing  against  a  tumor  antigen. 
Plasmid-based  DNA  vaccination  offers  several  advantages  as  compared  to  MHC  class  I 
peptide-based  vaccines  or  DNA  immunization  using  viral  vectors.  Plasmid-based  DNA 
vaccines  are  easily  produced,  can  potentially  elicit  both  an  MHC  class  I  and  class  II  response, 
and  have  little  infectious  potential.  Plasmid-based  vaccines,  however,  have  been  poorly 
immunogenic.  The  systemic  immune  response  generated  after  plasmid  vaccination  relies  on 
in  vivo  transfection  of  local  antigen  presenting  cells  (APC)  and  both  direct  presentation  and 
“cross  priming”  of  antigen  by  professional  and  non-professional  APC.  Therefore,  methods  to 
enhance  the  function  of  APC,  such  as  simultaneous  inoculation  with  plasmids  encoding 
cytokine  genes,  has  resulted  in  an  enhancement  of  detectable  immunity  after  vaccination.  We 
questioned  whether  local  application  of  soluble  cytokines  would  be  effective  in  enhancing  the 
systemic  immune  response  elicited  after  DNA  vaccination.  Using  a  self-tumor  antigen  model, 
we  vaccinated  rats  with  a  plasmid-based  rat  neu  intracellular  domain  (ICD)  DNA  construct 
and  either  no  adjuvant,  soluble  GM-CSF,  or  IL-12.  We  demonstrate  that  the  addition  of  sol¬ 
uble  GM-CSF  or  IL-12  to  rat  neu  ICD  DNA  vaccination  elicits  detectable  neu  specific  T  cell 
immunity;  specifically  the  generation  of  CTL.  Antibodies  directed  against  rat  neu  were  not 
elicited  with  this  approach,  indicating  that  the  neu  specific  T  cell  immune  response  elicited 
with  plasmid  DNA  was  skewed  towards  cell-mediated  rather  than  humoral  immunity. 

Abbreviations:  APC  =  antigen-presenting  cells;  CTL  =  cytotoxic  T  cells;  DC  =  dendritic  cells; 
GM-CSF  =  granulocyte  macrophage  colony  stimulating  factor;  ICD  =  the  intracellular  do¬ 
main  of  rat  neu  or  human  HER-2/neu;  id.  =  intradermal;  IFN  =  interferon;  IL-4  ~  interleukin 
four;  IL-12  =  interleukin  twelve;  LC  =  Langerhan’s  cells;  MHC  =  major  histocompatibility 
complex;  Thl  — T  helper  cell  1  phenotype;  Th2 =T  helper  ceil  2  phenotype 


Introduction 

Induction  of  a  cytolytic  T  lymphocyte  (CTL)  re¬ 
sponse  requires  tumor  epitopes  be  presented  via 


major  histocompatibility  (MHC)  class  I  molecules 
indicating  intracellular  expression  of  tumor  pro¬ 
teins,  A  common  clinical  method  for  generating 
tumor  antigen  specific  CTL  is  to  bypass  the  require- 
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ment  for  intracellular  processing  of  protein  and 
immunize  subjects  with  peptides  designed  to  bind 
exogenously  to  MHC  class  I.  Peptide-based  immu¬ 
nization,  however,  has  been  problematic  with  the 
generation  of  peptide-restricted  T  cells  that  do  not 
respond  to  endogenous  levels  of  peptide  presented  in 
the  MHC  of  tumor  cells  (Zaks  &  Rosenberg,  1998), 
the  generation  of  short-lived  low  level  immunity 
(Knutson  et  aL,  2002),  and  the  necessity  of  knowing 
the  specific  peptide  motifs  appropriate  for  the 
variety  of  different  MHC  class  I  molecules.  An 
alternative  method  of  immunization,  designed  to 
allow  expression  of  tumor  antigen  proteins  within 
the  cell,  is  to  vaccinate  patients  with  viral  vectors 
encoding  the  antigen.  Endogenous  expression  of 
tumor  antigen  within  an  antigen  presenting  cell 
(APC)  would  result  in  generating  T  cells  capable  of 
responding  to  naturally  processed  levels  of  peptides, 
would  avoid  MHC  restriction  issues,  and  would 
allow  T  cell  help  to  be  stimulated  via  presentation  of 
epitopes  within  MHC  class  II.  However,  viral  based 
methods  of  immunization  have  been  limited  by  the 
potent  immunogenicity  of  the  viral  carrier  making 
multiple  immunizations  problematic  and  posing  a 
theoretical  potential  for  infection  in  immune-com- 
promised  cancer  patients.  Plasmid  DNA  vaccines 
have  been  shown  to  elicit  potent  cell-mediated 
immune  responses,  notably  with  production  of 
antigen-specific  CTL  and  a  Thl-biased  phenotype 
of  cytokine  secretion  (Corr  et  aL,  1 996;  Raz  et  aL, 
1996;  Donnelly  et  aL,  1997;  Iwasaki  et  aL,  1997). 
As  CTL  are  believed  to  be  critical  in  effective  anti¬ 
tumor  immunity  (Markiewicz  &  Gajewski,  1999), 
DNA-based  immunization  strategies  are  of  particu¬ 
lar  interest  in  the  development  of  tumor  vaccines 
(Irvine  &  Restifo,  1995). 

Unfortunately,  the  clinical  translation  of  plasmid 
DNA  immunization  has  been  considerably  difficult. 
Some  studies  have  suggested  that  the  immune 
response  elicited  by  DNA  vaccines  to  foreign  anti¬ 
gens  is  lower  in  magnitude  compared  with  protein- 
based  vaccines  and  requires  multiple  booster  immu¬ 
nizations  (Raz  et  aL,  1996).  The  low  immunogeni¬ 
city  of  DNA  vaccines  is  a  major  problem  when 
contemplating  the  development  of  cancer  vaccines 
as  the  immunizing  antigens  are  often  self  proteins 
and  tolerance  is  a  mechanism  of  tumor  escape  from 
immune  surveillance  (Nanda  &  Sercarz,  1995). 
Immune  responses  initiated  after  plasmid-based 
DNA  vaccination  are  thought  to  be  mediated  by 
either  direct  transfection  of  APC  in  vivo  or  uptake  of 
antigen  via  “cross  presentation55  by  phagocytosis  of 
non-APC  transfected  cells  (Shedlock  &c  Weiner, 
2000).  Therefore,  APC,  such  as  Langerhans  cells 
(LC),  play  a  major  role  in  stimulating  a  systemic 


antigen-specific  immune  response  after  plasmid- 
based  immunization.  To  that  end,  many  groups 
have  investigated  the  use  of  plasmid  vectors  encod¬ 
ing  cytokine  genes  that  may  effect  the  immune 
microenvironment  and  enhance  the  function  of  local 
APC.  The  use  of  vectors  encoding  cytokine  genes 
raises  the  concern  of  the  effect  of  potential  long-term 
cytokine  production  in  vivo . 

Local  APC  recruitment,  maturation,  and  migra¬ 
tion  can  be  influenced  by  the  application  of  soluble 
cytokines  to  the  area  of  immunization.  We  have 
previously  reported  the  efficacy  and  safety  of  soluble 
GM-CSF  used  as  a  vaccine  adjuvant  with  peptide 
based  vaccines  both  in  an  animal  model  (Disis  et  aL, 
1996)  and  in  a  human  clinical  trial  (Knutson  et  aL, 
2001 ).  Since  plasmid  vectors  encoding  GM-CSF  and 
IL-12  have  been  shown  to  enhance  immune  re¬ 
sponses  when  co-immunized  with  a  plasmid  DNA 
vaccine  (Xiang  &  Ertl,  1995;  Kim  et  aL,  1997a),  we 
questioned  whether  soluble  cytokines  could  func¬ 
tion  as  a  vaccine  adjuvant  in  DNA  vaccines  without 
being  encoded  into  the  plasmid.  The  use  of  soluble 
cytokines  may  circumvent  the  safety  concerns  asso¬ 
ciated  with  a  plasmid  encoding  a  cytokine  in  human 
clinical  trials.  We  used  a  self-tumor  antigen  model, 
immunizing  rats  with  plasmid  encoding  rat  neu 
intracellular  domain  (ICD)  and  either  soluble  GM- 
CSF,  or  IL-12  as  an  adjuvant.  Data  presented  here 
demonstrates  vaccination  with  rat  neu  plasmid 
DNA  and  soluble  GM-CSF  or  IL-12  given  intrader- 
mally  (id.)  into  the  LC  compartment,  results  in  the 
generation  of  detectable  systemic  levels  of  neu- 
specific  T  cell  immunity. 


Materials  and  Methods 

Animals 

Rats  used  in  this  study  were  Fischer  strain  344  (CDF 
(F-344)/CrlBR)  (Charles  River  Laboratories,  Por¬ 
tage  MI).  Animals  were  maintained  at  the  University 
of  Washington  animal  facilities  under  specific  pa¬ 
thogen-free  conditions  and  routinely  used  for 
experimental  studies  between  3  and  4  months  of 
age. 

Reagents 

DNA  immunization  was  performed  with  rat  neu 
ICD  inserted  in  pVR1012  (p-rICD),  a  eukaryotic 
expression  vector  (Vical,  San  Diego,  CA).  The 
plasmid  uses  kanamycin  resistance  for  selection  in 
E.  colL  Plasmid  DNA  was  purified  using  a  Qiagen 
column  (Valencia,  CA)  and  was  documented  as 
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endotoxin  free.  Recombinant  rat  ICD  protein  was 
kindly  provided  by  Dr.  Paul  Sleath  (Corixa  Corp., 
Seattle,  WA).  MATE,  a  Fischer  rat  mammary  adeno¬ 
carcinoma  (ATCC  CRL-1666)  were  used  as  a  target 
in  chromium  release  assays  {American  Type  Culture 
Collection,  Rockville,  MD).  K562  cells  (ATCC 
CCL-243),  used  in  cold  target  inhibition,  were  also 
obtained  from  ATCC. 

Immunizations 

Those  animals  who  received  plasmid-based  vaccina¬ 
tions  were  immunized  id.  with  100  pg  of  p-rICD  in 
PBS,  with  5  pg  of  murine  GM-CSF  (Immunex  Corp., 
Seattle,  WA),  or  with  40  ng  of  murine  IL-12  (R&D 
Systems,  Minneapolis,  MN).  In  addition,  a  group  of 
control  animals  immunized  id,  with  each  adjuvant 
alone  without  p-rICD,  GM-CSF  (5  pg)  and  IL-12 
(40  ng),  were  evaluated.  In  all  groups,  animals 
underwent  2  immunizations  each  14-16  days 
apart.  Eighteen  to  twenty  days  after  the  second  im¬ 
munization  animals  were  assessed  for  immunologic 
response.  Sera  and  spleens  were  harvested  from 
immunized  animals.  Experiments  included  5-ani¬ 
mals/experimental  group.  Data  shown  here  were 
derived  from  two  separate  immunization  experi¬ 
ments  for  each  group  performed  2  months  apart. 

Evaluation  of  neu-specific  proliferative  T  cell 
response 

For  analysis  of  neu  protein-specific  responses,  im¬ 
mune  spleen  cells  were  harvested  by  mechanical 
disruption  and  passage  through  wire  mesh  and 
washed.  Spleen  cells  (2  x  105/well)  were  plated  into 
96-well  round  bottom  microtiter  plates  (Coming, 
Coring,  NY)  with  6  replicates  per  experimental 
group.  The  media  used  was  EHAA  120  (Biofluids, 
Rockville,  MD)  with  L-glutamine,  penicillin/strep¬ 
tomycin,  2-mercaptoethanol,  and  5%  FBS.  Cells 
were  incubated  with  0-2.0  pg/ml  of  recombinant 
rat  neu  ICD  or  ovalbumin  as  a  negative  control 
protein.  After  4  days,  wells  were  pulsed  with  1  pCi 
of  [3H]  thymidine  for  6  -  8  hours  and  counted.  Data 
is  expressed  as  the  mean  and  standard  deviation  cpm 
for  each  experimental  group. 

Evaluation  of  a  neu-specific  cytotoxic  T  cell 
response 

MATE  targets  were  prepared  by  infection  with  either 
wild  type  vaccinia  vims  (wtv,  control)  or  a  modified 
vaccinia  construct  containing  the  human  ICD  (v- 
hlCD).  Previous  studies  have  shown  that  the  vacci¬ 
nated  rat  neu  ICD  response  is  cross  reactive  with 


human  ICD  (Disis  et  aL,  1998).  Five  million  MATB 
cells  were  incubated  in  media  with  the  appropriate 
vaccinia  construct  at  5  x  106pfu/million  MATB  cells 
along  with  51  Cr  overnight,  A  multiplicity  of  infection 
of  5 : 1  was  sufficient  to  infect  target  cells  and  con¬ 
sistent  expression  of  human  ICD  protein  was  ob¬ 
served  in  MATB  after  infection  as  determined  by 
Western  blot  analysis  of  cell  lysates  (data  not 
shown).  After  incubation,  the  labeled  and  infected 
cells  were  harvested  and  washed  twice  in  media. 
Spleen  cells  derived  from  the  experimental  groups 
were  incubated  with  the  appropriate  targets  at  a 
10 : 1, 20 : 1 ,  and  40 ;  1  effector-to-target  (E :  T)  ratio 
in  quadruplicate  in  96-well  V-bottom  plates  (Corn¬ 
ing),  After  4  hours  of  co-incubation  at  37  °C,  the 
plates  were  centrifuged  and  50  pi  of  medium  from 
each  well  was  assayed  for  51Cr  content.  In  some 
experiments,  K562  cells  were  added  as  cold  target 
inhibitors  at  the  same  ratio  as  the  MATB  B  targets. 
The  %  specific  lysis  =  (sample  well  release-basal 
release)/(release  due  to  mechanical  disruption-basal 
release).  Data  is  expressed  as  the  mean  and  standard 
deviation  for  each  experimental  group. 

Evaluation  of  neu-specific  antibody  response 

Serologic  evaluation  of  rat  neu  specific  antibody 
immunity  was  performed  as  previously  described 
(Disis  et  al.,  1998).  The  optical  density  (OD)  was 
read  at  450  nm.  The  OD  of  each  serum  dilution  was 
calculated  as  the  OD  of  the  rat  neu  coated  wells 
minus  the  OD  of  the  BSA  coated  wells.  Positive 
control  sera  was  derived  from  previous  experiments 
where  rats  were  immunized  with  human  ICD 
protein  in  complete  Freud’s  adjuvant  (Disis  et  al,, 
1998), 

Statistical  analysis 

One-sided,  unpaired  t  tests  were  performed  using 
GraphPad  InStat  version  3.05  for  Windows  95/ NT 
(GraphPad  Software,  San  Diego  California),  p  val¬ 
ues  were  considered  significant  when  <0.05. 


Results 

Rat  neu-specific  T  cell  immunity  could  be  elicited 
after  neu  DNA  immunization  with  either  GM-CSF 
or  IL-12  as  soluble  adjuvants 

An  antigen-specific  blastogenic  response  was  as¬ 
sessed  using  thymidine  incorporation  assays.  Ani¬ 
mals  immunized  with  the  p-rICD  without  adjuvant 
(i.e.  PBS  alone)  did  not  develop  a  detectable  rat  neu 
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adjuvants.  Panel  A  shows  animals  immunized  with  p-rfCD  in  PBS, 
Panel  B  shows  animals  immunized  with  p-rICD  and  GM-CSF  (*,  o) 
or  GM-CSF  alone  without  plasmid  (■),  Panel  C  shows  animals 
immunized  with  p-rICD  and  IL-12  (#,  o)  or  IL-12  alone  without 
plasmid  (■).  Closed  circles  in  all  panels  represent  T  cell  responses 
against  experimental  protein  (rat  neu  I  CD,  •)  open  circles  depict 
control  protein  at  the  same  concentration  (ovalbumin,  o).  Closed 
square  symbol  (■)  represents  the  T  cell  response  to  rat  neu  ICD 
protein  from  animals  immunized  with  cytokine  alone.  Tcell 
proliferation  to  ovalbumin  in  animals  immunized  with  a  particular 
cytokine  alone,  without  rat  ICD  plasmid,  were  no  different  from 
responses  to  rat  neu  ICD  protein  (data  not  shown).  Data  is 
expressed  as  the  mean  cpm  and  standard  deviation  of  5  animals  per 
experimental  group. 


ICD-specific  T  cell  response  (Fig.  1A),  At  the  most 
concentrated  dose  of  antigen,  2.0  pg  ICD  protein, 
the  mean  cpm  was  1 136  ± 1 77  and  this  value  did  not 
differ  significantly  from  the  ovalbumin  control 
response  at  2.0  pg  protein,  1118  ±200  (p  =  0.42). 
The  mean  cpm  of  unstimulated  lymphocytes  in  this 
group  was  1 529 ±  111.  Fig.  IB  demonstrates  rat 
ICD  immunity  developed  when  soluble  GM-CSF 
was  used  as  a  vaccine  adjuvant.  Animals  immunized 
with  p-rICD  and  GM-CSF  developed  a  T  cell  pro¬ 
liferative  response  to  rat  neu  ICD  protein  at  the 
highest  concentration  tested,  cpm  6010  ±101  as 
compared  to  ovalbumin  3  099  ±  98  (p  <  0.01).  Ani¬ 
mals  immunized  with  GM-CSF  alone  had  a  mean 
cpm  to  rat  neu  ICD  of 2  872  ±  257.  The  mean  cpm  of 
unstimulated  lymphocytes  in  this  group  was  2  322  ± 
215.  Finally,  responses  elicited  with  IL-12  as  a 
soluble  adjuvant  were  also  significant  (Fig.  1C). 
Animals  immunized  with  p-rICD  and  IL-12  devel¬ 
oped  a  proliferative  response  to  rat  neu  ICD,  as 
example,  at  the  highest  protein  concentration  tested 
a  cpm  7  924  ±320  as  compared  to  ovalbumin 
3  354  ±110  (p  <  0.01).  Animals  immunized  with 
IL-12  alone  had  a  mean  cpm  to  rat  neu  ICD  of 
1 823  ±  190.  The  mean  cpm  of  unstimulated  lym¬ 
phocytes  in  this  group  was  2 19O±280. 

Neu-specific  CTL  responses  could  be  elicited 
after  rat  neu  DNA  immunization  and  were  enhanced 
when  GM-CSF  or  IL-12  were  used  as  soluble 
adjuvants 

The  generation  of  CTL  was  assessed  by  chromium 
release  assays  using  a  syngeneic  tumor  cell  line, 
MATB,  infected  with  v-hICD  or  wtv,  as  control.  Rat 
neu  ICD  and  human  HER-2/neu  ICD  are  highly 
homologous  (92%  at  the  amino  acid  level)  and 
previous  studies  have  shown  that  immune  responses 
to  the  ICD  in  rat  are  cross-reactive  between  human 
and  rat  proteins  (Disis  et  ah,  1998).  Fig.  2A  shows 
results  from  animals  immunized  with  p-rICD  and 
PBS.  There  was  a  difference  in  %  specific  lysis  at  the 
highest  E :  T  ratio  between  v-hICD  ( 8  ±  1  % )  infected 
MATB  targets  and  those  infected  with  wtv  (4  ±  2%) 
(p  <  0.01),  Furthermore,  neu  specific  CTL  could  be 
detected  in  animals  immunized  with  p-rICD  and 
soluble  GM-CSF  or  IL-12  as  adjuvant.  Fig.  2B 
demonstrates  a  %  specific  lysis  at  the  highest  E:T 
ratio  (40 : 1 )  of  animals  immunized  with  p-rICD  and 
GM-CSF  as  a  soluble  adjuvant,  27  ±  4%  against  v- 
hlCD  MATB  tumor  cells.  Lysis  was  not  significantly 
changed  by  adding  the  cold  target,  K562  (28  ±  7%). 
Tumor  cells  infected  with  wtv  demonstrated  lysis  at 
40:1  of  8  ±4%  (p<O.01).  Animals  immunized 
with  cytokine  alone  did  not  lyse  ICD  expressing 
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targets,  (4  ±3%),  Similarly,  animals  immunized 
with  p-rICD  and  soluble  IL-12  developed  neu- 
specific  CTL.  Fig.  2C  demonstrates  a  %  specific 
lysis  at  the  highest  E:T  ratio  (40:1)  of  35  ±4% 
against  v-hICD  expressing  MATE  tumor  cells. 
Again,  lysis  was  not  significantly  changed  by  adding 
the  cold  target,  K562,  (30  ±6%),  Tumor  cells 
infected  with  wtv  demonstrated  lysis  at  40:1  of 
10  ±  3%  (p  <  0.01 }.  Animals  immunized  with  cyto¬ 
kine  alone  did  not  lyse  ICD  expressing  targets,  { 10  ± 
4%). 


Antibody  immunity  to  rat  neu  could  not  be  detected 
after  rat  neu  ICD  DNA  immunization 

rICD-specific  antibody  titers  were  examined  using 
ELISA.  As  shown  in  Fig.  3,  neu  plasmid  DNA  im¬ 
munization  was  not  effective  in  generating  rat  neu- 
specific  antibody  responses  in  any  group  tested.  Also 
shown  as  a  positive  control  is  the  antibody  response 
to  rICD  that  was  generated  in  rats  following 
immunization  with  hICD  protein  in  CFA,  Titers  of 
1 : 1 000  yielded  an  OD  value  of  2.4  ±  0.04  (Disis 
et  al,  1998). 


E:T  ratio 


Fig.  2.  Neu  specific  CTL  responses  could  be  elicited  after  rat  neu 
DNA  immunization  and  were  enhanced  when  GM-CSF  or  IL-12  were 
used  as  soluble  adjuvants.  Panel  A  shows  data  from  animals 
immunized  with  p-rICD  in  PBS.  Panel  B  shows  animals  immunized 
with  p-rICD  and  GM-CSF  {•,  o)  or  GM-CSF  alone  without  plasmid 
(■).  Panel  C  shows  animals  immunized  with  p-rlCD  and  IL-12  (♦,  o) 
or  IL-12  alone  without  plasmid  (■).  Closed  circles  in  all  panels 
represent  CTL  against  ICD  expressing  MATB  (v-hICD,  #}  open 
circles  are  control  MATB  (wtv,  o).  Closed  square  symbol  (■)  rep¬ 
resents  the  T  cell  response  v-hlCD  MATB  from  animals  immunized 
with  cytokine  alone.  Data  is  expressed  as  the  mean  and  standard 
deviation  of  values  obtained  from  5  animals/experimental  group. 
Repeat  experiments  performed  2  months  later  yielded  similar 
results. 
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Antibody  tilers 

Fig.  3.  Antibody  immunity  to  rat  neu  could  not  be  detected  after 
rat  neu  ICD  plasmid  DNA  immunization.  Data  is  shown  as  the  mean 
OD  and  standard  deviation  of  10  animals  in  each  experimental 
group,  p-rICD  in  PBS  (o),  p^riCD  with  GM-CSF  (o),  and  p-riCD  with 
IL-12  (□).  Control  sera  depicted  with  a  ■  was  derived  from  5  rats 
immunized  with  purified  human  ICD  protein  (Disis  etal.,  1998)  and 
had  antibodies  cross  reactive  with  rat  neu  (mean  and  standard 
deviation). 
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Discussion 


Vaccination  with  bacterial  plasmid  DNA  encoding 
an  immunogenic  protein  is  being  investigated  as  a 
means  of  antigen  delivery  due  to  many  potential 
advantages  (Donnelly  et  al.,  1997).  First,  the  ap¬ 
proach,  in  contrast  to  peptide  vaccines,  can  be  used 
without  knowledge  of  the  patient  MHC  alleles. 
Secondly,  using  DNA-encoded  antigen  allows  acces¬ 
sibility  to  the  MHC  class  I  processing  pathway,  in 
contrast  to  protein-based  vaccines.  Furthermore,  in 
contrast  to  protein  or  viral  vector-based  vaccines, 
DNA  is  relatively  easy  to  produce,  transport,  is 
stable  in  long-term  storage,  and  can  withstand 
fluctuations  in  temperature.  Finally,  plasmid-based 
strategies  allow  the  delivery  of  multiple  antigens 
simultaneously.  Human  cancers  express  multiple 
immunogenic  proteins.  The  generation  of  antigen 
negative  variant  tumors  after  vaccination  against  a 
single  antigen  is  well  documented  and  may  be 
circumvented  by  multi-antigen  vaccines  (Jager 
et  ah,  1997;  Kerkmann-Tucek  et  ah,  1998). 

Plasmid-based  DNA  vaccines,  however,  have  been 
only  moderately  successful  in  their  translation  to 
human  clinical  use.  There  are  several  reasons  for  the 
lack  of  success  such  as  the  low  local  transduction  of 
DNA  into  APC  as  most  vaccines  are  delivered  to 
muscle  (Gurunathan  et  ah,  2000).  Furthermore, 
most  APC  that  are  transduced  are  “ non-profession¬ 
al”  APC  such  as  monocytes  and  macrophage.  In 
addition,  APC  transfected  in  vivo  by  DNA,  generally 
in  muscle,  do  not  home  effectively  to  draining  lymph 
nodes  thus  systemic  immunity  is  not  efficiently 
stimulated  (Nakamura  et  ah,  1999).  Our  hypothesis 
is  that  plasmid  DNA  immunizations  may  be  made 
more  effective  by  improving  the  transfection  of  local 
DC  in  the  skin,  i.e.  LC,  using  soluble  cytokines  as 
vaccine  adjuvants.  Data  presented  here  demon¬ 
strates,  (1)  soluble  cytokine  adjuvants  added  to 
plasmid-based  vaccines  is  feasible  and  immuno¬ 
genic,  i.e.  can  result  in  circumventing  tolerance  to 
neu,  a  “self”  tumor  antigen,  (2)  Tcell  immunity 
could  be  augmented  or  enhanced  with  the  use  of 
soluble  GM-CSF  or  IL-12  as  an  adjuvant,  and,  (3) 
plasmid-based  DNA  immunization  was  not  effective 
in  generating  significant  levels  of  neu  specific  anti¬ 
bodies  suggesting  a  marked  Thl  phenotypic  re¬ 
sponse. 

The  use  of  cytokines  as  adjuvants  in  association 
with  plasmid-based  vaccines  follows  from  the  ob¬ 
servation  that  DNA  immunization  elicits  immune 
responses  via  presentation  by  professional  APC 
(Iwasaki  et  ah,  1997;  Corr  et  al.,  1999)  and  has  led 
investigators  to  determine  whether  chemoattractant 


factors,  or  molecules  that  promote  the  differentia¬ 
tion  of  APC,  might  enhance  the  immune  response 
elicited  by  DNA  immunization.  Several  groups  have 
demonstrated  that  co-immunization  with  plasmid 
DNA  expressing  immunostimulatory  molecules  can 
improve  the  efficacy  of  DNA  vaccines.  Xiang  and 
Ertl  (1995)  reported  that  co-immunization  of  a 
plasmid  vector  encoding  murine  GM-CSF,  but  not 
IFN-y,  enhanced  T  cell  and  B  cell  responses  to  a  viral 
antigen  in  a  murine  system.  Similar  results  have  been 
shown  with  plasmid  vectors  encoding  IL-2  (Chow 
et  al.,  1997),  IL-12  (Kim  et  al.,  1997a),  the  costi¬ 
mulatory  molecules  CD80  and  CD86  (Kim  et  al, 
1997b),  as  well  as  the  hematopoietic  growth  factor 
M-CSF  (Kim  et  ah,  2000).  Animal  models  of  DNA 
vaccines  have  demonstrated  that  immune  responses 
can  be  long-lived  after  vaccination  (Raz  et  al.,  1994; 
Davis  et  al.,  1996),  likely  due  to  persistent  expres¬ 
sion  of  the  antigen  in  cells  transfected  in  situ  during 
immunization  (Davis  et  al.,  1993;  Corr  et  al.,  1996). 
The  persistence  of  plasmid  DNA  at  the  site  of 
immunization  and  the  demonstration  that  plasmid 
DNA  can  be  transported  to  distant  sites  by  inflam¬ 
matory  cells  (La  Cava  et  al.,  2000)  raises  concerns 
about  safety  when  contemplating  human  clinical 
trials  and  at  present,  the  long-term  implications  of 
persistent  cytokine  expression  are  unknown.  The 
finding  that  soluble  cytokines  may  play  a  similar  role 
in  enhancing  immune  responses  may  allow  a  more 
rapid  translation  of  the  approach  to  the  clinic. 

Soluble  GM-CSF  and  IL-12  were  both  shown  to 
promote  an  antigen-specific  cellular  immune  re¬ 
sponse,  and  a  CTL  response  in  particular.  Previous 
work,  by  our  group,  in  the  rat,  demonstrated  that 
local  id.  application  of  GM-CSF  resulted  in  in¬ 
creased  influx  of  cells  expressing  high  levels  of  MHC 
class  II  into  the  skin  and  draining  lymph  nodes 
(Disis  et  al.,  1996).  Translation  of  this  strategy  into 
humans,  in  terms  of  a  HER-2/neu  peptide-based 
vaccine  trial,  demonstrated  that  local  application  of 
GM-CSF  id.  could  result  in  persistent  deposition  of 
CDla  positive  cells  (LC)  in  the  skin  (Rinn  et  al., 

1999)  and  the  subsequent  development  of  HER-2/ 
neu  systemic  T cell  immunity  (Knutson  et  ah,  2001 ). 
IL-12  is  a  pro-inflammatory  cytokine  that  is  secreted 
by  activated  DC  and  may  enhance  their  function. 
Recent  studies  have  shown  that  the  Thl  biased 
responses  induced  by  DNA  vaccines  are  mediated  by 
increased  IL-12  production  by  APC  (Asakura  et  al., 

2000) .  Additional  IL-12  in  the  local  environment 
may  skew  that  biased  response  further.  Furthermore, 
IL-12,  may  be  critical  at  the  initiation  of  an  immune 
response  to  promote  a  Thl -type  of  T  cell  differentia¬ 
tion  with  induction  of  antigen-specific  CTL  (Naka¬ 
mura  etal.,  1997;  Fallarino  &  Gajewski,  1999; 
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Murphy  et  al.,  1999;  Schmidt  &  Mescher,  1999). 
The  use  of  IL-12  encoded  within  a  DNA  based 
vaccine  has  resulted  in  strongly  biased  Thl  response 
associated  with  a  cellular,  but  not  a  humoral 
response  (Hanlon  et  al.,  2001)  and  long  lasting 
IFNy  production  but  no  production  of  IL-4  (Schultz 
et  aL,  2000),  The  lack  of  detectable  neu  specific 
antibodies  in  animals  receiving  the  plasmid-based 
vaccine  indicates  a  strongly  skewed  cell-mediated 
immune  response. 

In  summary,  local  application  of  soluble  cytokines 
known  to  effect  APC  in  vivo  is  a  successful  strategy  in 
generating  detectable  systemic  immunity  to  a  self¬ 
antigen  after  plasmid  DNA  immunization.  The 
observation  that  systemic  immunity  was  elicited 
Implies  that  APC  were  transduced  in  situ  and 
migrated  to  draining  lymph  nodes  where  antigen 
was  presented  for  T  cell  recognition.  Few  immuni¬ 
zation  methods  are  available  that  effectively  elicit 
a  CTL  response.  Plasmid-based  vaccination  with 
soluble  cytokines  as  adjuvant  may  offer  an  im¬ 
munization  strategy  that  is  able  to  be  rapidly  ap¬ 
plied  and  tested  In  human  clinical  trials  of  cancer 
vaccines. 
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Solid  tumours  can  be  eradicated  by  infusion  of  large  amounts  of  tumour-spe¬ 
cific  T-cells  in  animal  models.  The  successes  seen  in  preclinical  models,  how¬ 
ever,  have  not  been  adequately  translated  to  human  disease  due,  in  part,  to 
the  inability  to  expand  tumour  antigen-specific  T-cells  ex  vivo.  Polyclonality 
and  retention  of  antigen-specificity  are  two  important  properties  of  infused 
T-cells  that  are  necessary  for  successful  eradication  of  tumours.  Investigators 
are  beginning  to  evaluate  the  impact  of  attempting  to  reconstitute  full  T-cell 
immunity  representing  both  majorT-cell  subsets,  cytolytic  T-cells  andT-helper 
(Th)  cells.  One  of  the  more  important  and  often  overlooked  steps  of  success¬ 
ful  adoptive  T-cell  therapy  is  the  ex  vivo  expansion  conditions,  which  can  dra¬ 
matically  alter  the  phenotype  of  the  T-cell.  A  number  of  cytokines  and  other 
soluble  activation  factors  that  have  been  characterised  over  the  last  decade 
are  now  available  to  supplement  in  vitro  antigen  presentation  and  IL-2. 
Newer  molecular  techniques  have  been  developed  and  are  aimed  at  geneti¬ 
cally  altering  the  characteristics  of  T-cells  including  their  antigen-specificity 
and  growth  in  vivo.  In  addition,  advanced  imaging  techniques,  such  as  posi¬ 
tron  emission  tomography  (PET),  are  being  implemented  in  order  to  better 
define  the  in  vivo  function  of  ex  vivo  expanded  tumour-specific  T-cells. 

Keywords:  cytotoxic  T-cells  (CTL),  cancer,  cytokine,  dendritic  cells,  ex  vivo  expansion,  T- 
helper  cell,  polyclonal,  T-cell  receptor,  vaccine 
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Animal  models  demonstrate  that  adoptive  T-cell  therapy  of  advanced  stage 
malignant  disease  is  a  feasible  and  successful  treatment  strategy.  Increased 
understanding  of  the  complex  nature  of  the  immune  effector  cells  and  the  iden¬ 
tification  of  tumour  antigens  is  providing  researchers  with  the  appropriate  tools 
to  generate  and  reconstitute  effective  tumour-specific  immunity  through  adop¬ 
tive  transfer  of  T-cells.  Ex  vivo  expansion  has  been  problematic  and  many  hur¬ 
dles  will  need  to  be  overcome.  Two  advances  in  T-cell  culture  have  improved  the 
ability  to  generate  tumour-specific  T-cells  ex  vivo.  The  first  was  to  increase  anti¬ 
gen-primed  T-cells  in  vivo  prior  to  ex  vivo  expansion  by  active  immunisation. 
The  second  was  the  improvement  of  culture  conditions  with  the  use  of  recently 
identified  tumour  antigens,  cytokines  and  co-stimulatory  molecules  in  conjunc¬ 
tion  with  IL-2.  In  addition,  technologies  are  being  developed  to  genetically 
modify  T-cells  to  create  the  appropriate  immune  microenvironment  for  tumour 
destruction.  A  better  understanding  of  immunoregulatory  mechanisms  will 
allow  us  to  overcome  tumour-induced  immunosuppression  in  cancer  patients 
during  adoptive  T-cell  therapy. 
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Adoptive  T-cell  therapy  for  the  treatment  of  solid  tumours 

2.  The  clinical  role  of  adoptive  T-cell  therapy 

Adoptive  T-cell  therapy  is  an  immune-based  therapeutic  strat¬ 
egy  that  will  significantly  boost  tumour-specific  T-cell  immu¬ 
nity  above  that  observed  by  vaccination  alone  [ij.  Transferred 
T-cells  can  potentially  represent  a  major  fraction  (1:2)  of  the 
hosts  lymphocytes  [i].  This  strategy  could  have  an  advantage 
over  active  vaccination  for  the  treatment  of  more  extensive 
malignancy  where  greater  control  of  the  numbers  of  tumour- 
specific  T-cells  may  be  required.  Adoptive  T-cell  therapy  tech¬ 
niques  that  have  shown  great  promise  in  human  clinical  trials 
have  been  applied  to  the  Epstein-Barr  virus  (EBV)-related  dis¬ 
orders,  immunoblastic  lymphoma  and  Hodgkins  disease  {2-4]. 
These  studies,  as  will  be  further  discussed,  provide  proof  of 
principle  that  administration  of  ex  vivo  expanded  T-cells  can 
reconstitute  effective  long  lasting  immunity  in  vivo.  However, 
the  major  distinction  between  the  treatment  of  EBV-malig- 
nancies  and  non-viral  malignancies  is  the  targeting  of  non-self 
viral  antigens.  In  the  most  common  solid  tumours,  self  pro¬ 
teins  are  the  target  antigens  of  T-cells.  Thus,  ex  vivo  expansion 
of  these  T-cells  is  further  complicated  by  the  probability  that 
the  most  potent  and  robust  self  tumour  antigen-specific  T- 
cells  recognising  self  antigens  have  either  been  deleted  or  ren¬ 
dered  ineffective  by  tolerising  mechanisms  [5,6],  Ex  vivo  expan¬ 
sion  methods  must  be  optimised  to  maximise  functional 
effects  of  the  remaining  self-reactive  T-cells  while  preventing 
the  outgrowth  of  non-specific  immune  effector  cells.  Recent 
evidence  demonstrating  that  single  clones  are  ineffective  at 
mediating  tumour  eradication  further  suggests  that  ex  vivo 
expansion  methods  should  also  be  designed  to  maintain  poly- 
clonality  in  order  to  ensure  multiple  specificities  for  the  same 
epitope  as  well  as  multiple  T-cells  subsets  specific  for  the  tar¬ 
get  antigen  [7].  The  need  for  polyclonal  responses  is  particu¬ 
larly  important  for  a  number  of  reasons,  including  the 
prevention  of  antigen-ioss  variants,  the  prevention  of  major 
histocompatibility  complex  (MHC)  class  I  loss  variants  and 
the  need  of  helper  activity  by  cytotoxic  T-cells  (CTL)  for 
expansion  and  persistence  in  vivo.  Much  of  our  current  think¬ 
ing  of  the  obstacles  of  adoptive  T-cell  therapy  stems  from 
mouse  models  and  the  results  of  previously  reported  human 
clinical  trials. 


3,  Human  clinical  trials  of  adoptive  T-cell 
therapy 

Clinical  trials  of  adoptive  T-cell  therapy  arose  from  promising 
earlier  studies  evaluating  the  antitumour  efficacy  of  lym- 
phokine  activated  killers  (LAK).  LAK  are  generated  from 
patient  peripheral  blood  mononuclear  cells  (PBMC)  with  IL- 
2  and  are  capable  of  killing  tumour  cells  in  a  non-MHC- 
restricted  fashion.  Clinical  trials,  utilising  LAK,  have  been  car¬ 
ried  out  by  several  groups  treating  a  variety  of  carcinomas, 
including  melanoma,  ovarian,  renal  cell  and  colorectal  [a-io]. 
The  low  response  rates  ranging  from  0  -  20%  following  infu¬ 


sion  of  LAK  are  likely  a  reflection  of  the  inability  of  the  LAK 
to  home  to  tumour  sites  and  the  lack  of  specificity  for  the 
tumour.  However,  the  response  rates  were  encouraging  and 
provided  impetus  for  identifying  lymphocyte  populations, 
mainly  T-cells,  that  have  increased  specificity  and  antitumour 
effector  function. 

The  strategies  which  have  been  developed  for  increasing  the 
number  of  tumour-specific  T-cells,  ex  vivo ,  have  included  the 
non-specific  expansion  of  tumour  infiltrating  lymphocytes 
(TIL),  the  non-specific  expansion  of  sensitised  lymph  nodes 
draining  the  tumour  site  and  the  expansion  of  tumour  anti¬ 
gen-specific  T-cell  populations.  The  first  two  strategies  are 
based  on  the  hypothesis  that  there  is  an  increased  precursor 
frequency  of  tumour-specific  T-cells  at  sites  local  to  the 
tumour  or  in  the  lymph  node  draining  the  tumour.  The  last 
strategy  exploits  the  use  of  known  tumour  antigens  to  expand 
specific  T-cell  populations. 

Beginning  in  the  late  1980s,  clinical  trials  were  carried  out 
using  ex  vivo  expanded  TIL  from  a  variety  of  cancers  includ¬ 
ing  malignant  melanoma,  renal  cell  carcinoma,  breast  cancer 
and  lung  cancer.  Response  rates  after  TIL  therapy  were  varia¬ 
ble  and  ranged  between  0-60%  with  most  being  between 
10-25%  [ii].  Studies  using  TIL  have  been  difficult  to  per¬ 
form  in  cancer  patients  due  to: 

•  The  limitations  in  obtaining  significant  amounts  of 

tumour  from  which  to  derive  the  ceils, 

•  The  inability  to  expand  autologous  cancer  target  cell  lines 

to  test  T-cell  lytic  activity  prior  to  infusion. 

•  The  location  of  metastatic  relapse  (e,g.,  bone,  lung,  brain 

and  liver)  prevents  tumour  cell  and  thus  T-cell  harvest, 

TIL  are  typically  expanded  by  incubating  the  cells  with  very 
high  concentrations,  up  to  7000  U/ml,  of  IL-2,  These  cul¬ 
ture  conditions  typically  result  in  enriching  for  T-lym- 
phocytes  with  LAK-like  activity.  For  example,  Belldegrun 
and  colleagues  reported  the  results  of  a  study  characterising 
the  cell  populations  derived  from  ex  vivo  expansion  of  lym¬ 
phocytes  infiltrating  human  renal  cell  cancer  [12].  Renal  TIL 
expanded  in  high  doses  of  IL-2  are  predominantly  CD3+  but 
display  lytic  activity  similar  to  LAK,  including  high  activity 
against  K562,  Daudi  and  allogeneic  tumour  cells.  Ratto  and 
colleagues  observed  similar  findings  following  expansion  of 
lung  TIL  [is]. 

The  use  of  IL-2-expanded  TIL  in  melanoma  trials  has  led 
to  observations  that  could  have  important  implications  for  the 
design  of  future  adoptive  T-cell  trials.  Rosenberg  and  col¬ 
leagues  reported  the  results  of  a  clinical  trial  evaluating  treat¬ 
ment  of  melanoma  patients  with  both  TIL  and  high  dose 
bolus  IL-2  (14,15],  Of  the  86  patients  treated,  24  partial  and 
five  complete  responses  were  observed.  A  number  of  impor¬ 
tant  correlations  were  observed  when  comparing  the  in  vitro 
characteristics  of  the  expanded  TIL  of  responders  with  the 
TIL  of  the  non-responders.  Clinical  responses  were  associated 
in  vitro  cellular  responses  such  as  higher  specific  lysis  of  autol¬ 
ogous  tumour  targets,  shorter  doubling  times,  younger  cul- 
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tures  and  increased  autologous  tumour-specific  granulocyte- 
macrophage  colony  stimulating  factor  (GM-CSF)  secretion 
[15]* 

Like  TIL,  lymph  nodes  draining  either  a  tumour  or  vaccine 
site  represent  another  potentially  rich  source  of  tumour-spe¬ 
cific  T- cells.  Clinical  response  rates  following  reinfusion  of 
ex  vivo  activated  nodal  T-cells  are  similar  to  TIL  infusions  fiij. 
In  a  recent  Phase  I  study.  To  and  colleagues  evaluated  the  tox¬ 
icity  and  clinical  responses  of  infusions  of  ex  vivo  expanded 
vaccine-draining  lymph  node-derived  lymphocytes  in  patients 
with  head  and  neck  cancers  [i  6],  Fifteen  patients  were  vacci¬ 
nated  on  the  thigh  with  irradiated  autologous  tumour  with 
GM-CSF.  After  8-10  days,  the  inguinal,  vaccine-draining 
lymph  nodes  were  harvested  and  activated  ex  vivo  with  sta¬ 
phylococcal  enterotoxin  A  (SEA)  and  expanded  in  high  dose 
IL-2.  The  resulting  cells  were  mainly  CD3+  and  had  mixed 
CD8+  and  CD4+  phenotype.  Toxicity  following  reinfusion 
was  minimal  and  limited  to  grade  2.  Of  the  1 5  patients,  only 
two  responded  with  one  patient  being  disease  free.  In  a  similar 
study,  patients  with  newly  diagnosed  gliomas  were  immunised 
with  autologous  tumour  cells  followed  by  harvesting  and 
expansion  of  the  vaccine-draining  lymph  nodes  [17],  The  trial 
resulted  in  four  partial  responses  out  of  12  patients  treated. 
Further  in  vitro  characterisation  of  the  resulting  T-cell  popula¬ 
tions  can  provide  more  insight  into  how  this  promising  tech¬ 
nique  can  be  optimised.  As  an  example,  perhaps  increased 
tumour  killing  could  be  achieved  by  including  specific 
tumour  antigens  during  expansion. 

Recent  advances  in  molecular  and  cellular  immunology  pro¬ 
vide  the  technology  needed  to  identify  and  define  tumour-spe¬ 
cific  antigens,  as  well  as  an  understanding  of  how  T-cells 
recognise  antigens.  It  is  presumed  that  a  highly  purified,  anti¬ 
gen-specific  and  polyclonal  T-cell  population  would  be  the 
most  efficient  strategy  for  tumour  eradication.  Clinical  trials 
testing  the  feasibility  of  antigen-specific  T-cell  therapy  for  the 
treatment  of  disorders  and  cancers  associated  with  EBV  have 
been  reported.  EBV-specific  CTL  lines  have  been  generated 
in  vitro  from  donor  blood  and  used  successfully  to  treat  B-cell 
lymphoproliferative  disorder  in  bone  marrow  transplant  recipi¬ 
ents  [4].  In  addition,  EBV-specific  CTL  have  been  expanded 
ex  vivo  and  reinfosed  into  patients  with  advanced  stage  relapsed 
Hodgkins  disease  [2].  This  feasibility  study  demonstrated: 

*  CTL  could  be  expanded  from  patients  with  advanced  cancer, 

•  T-cells  were  found  to  persist  up  to  13  weeks  after  infusion. 

*  Antigen-specific  T-cells  were  detected  in  the  pleura  at  levels 
10-fold  higfier  than  the  peripheral  blood,  implying  traffick¬ 
ing  of  infused  T-cells  to  sites  of  tumours. 

•  Transferred  T-cells  produced  increased  EBV-specific  cyto¬ 
toxic  activity  in  peripheral  blood  lymphocytes  as  measured 
by  chromium  release  assay  and  a  decrease  in  peripheral 
blood  viral  burden  as  measured  by  quantitative  PCR. 

A  preliminary  report  of  the  clinical  status  of  patients  receiving 
this  treatment  indicated  that  in  addition  to  reducing  viral  bur¬ 
den,  the  T-cell  infusion  may  stabilise  or  reduce  disease  symp¬ 


toms  [is]  suggesting  that  Phase  II  clinical  trials  should  be 
carried  out  to  evaluate  clinical  responses. 

Recently,  Dudley  and  colleagues  assessed  the  safety,  feasibil¬ 
ity  and  clinical  response  of  adoptive  T-cell  therapy  of 
melanoma  using  ex  vivo  expanded  CD  8 *  cytolytic  T-cell 
clones  specific  for  an  HLA-A2  binding  peptide  derived  from 
the  melanoma  antigen  GP-100  (7).  Twelve  patients  were 
treated  with  multiple  infusions  of  GP-  100-specific  T-cell 
clones  with  an  average  of  1  x  1010  cells/infusion.  The  T-cells 
clones  were  selected  based  on  their  apparent  avidity  for  pep¬ 
tide  antigen  as  assessed  by  the  magnitude  of  antigen-specific 
cytokine  release.  Although  the  clones  secreted  large  amounts 
of  IFN-y  and  recognised  HLA-A2+  melanoma  cell  lines,  only 
two  patients  had  minor  partial  responses.  An  important  find¬ 
ing  from  this  study  was  that  the  T-cells  disappeared  rapidly 
and  were  undetectable  at  2  weeks,  even  though  the  patients 
received  concomitant  iv.  IL-2.  The  authors  postulated  several 
mechanisms  to  explain  the  lack  of  clinical  effects.  One  possi¬ 
bility  is  that  the  CD8+  T-cell  clones  could  not  persist  in  the 
absence  of  sufficient  help,  and  the  authors  suggested  that  the 
treatment  could  be  improved  by  co-infusion  with  antigen- 
specific  CD4+  T-cells.  This  is  supported  by  previous  studies 
by  Walter  and  colleagues  who  observed  that  CMV-specific 
CTL  clones  declined  more  rapidly  in  patients  deficient  in 
CD4+  Th  cells  specific  for  CMV  [19], 

These  clinical  trials  as  well  as  many  others  identify  major 
areas  that  should  be  further  investigated  to  improve  the  clini¬ 
cal  outcome  of  adoptive  immunotherapy.  Namely,  identifica¬ 
tion  of  ex  vivo  expansion  conditions  and  other  novel  molecular 
techniques  aimed  at  improving  the  antigen-specificity,  func¬ 
tionality,  polyclonality  and  longevity  of  the  infused  T-cells. 

4.  Ex  vivo  expansion  of  tumour-specificT-cells 

The  success  in  expanding  EBV-specific  T-cells  from  peripheral 
blood  of  patients  may  be  related  to  the  endogenous,  naturally 
occurring  high  precursor  frequency  of  these  cells,  thus,  the 
abundance  of  viral-specific  T-cells  in  the  initial  cultures.  In 
contrast  to  viral  cancers,  T-cells  directed  against  non-viral 
tumours  are  much  less  abundant  [20J.  Ex  vivo  expansion  of 
tumour  antigen-specific  T-cells  may  be  gready  facilitated  by 
prior  immunisation  against  specific  tumour  antigens.  The 
authors  recendy  demonstrated  the  feasibility  of  this  approach 
in  breast  and  ovarian  cancer  patients  who  were  vaccinated 
against  HER-2/neu  with  a  helper  peptide-based  vaccine  [21], 
Nineteen  patients  were  vaccinated  with  a  HER-2/neu  pep¬ 
tide-based  vaccine  consisting  of  three  helper  peptides,  each  of 
which  contained  an  HLA-A2  binding  motif,  fully  nested 
within  its  sequence.  Six  monthly  vaccinations  with  GM-CSF 
as  adjuvant  resulted  in  increased  levels  of  T-cells  specific  for 
the  encompassed  HLA-A2  motifs  to  levels  similar  to  those 
measured  against  influenza  and  CMV  HLA-A2-binding  pep¬ 
tides.  The  increased  precursor  frequency  after  vaccination 
improved  the  generation  of  T-cell  clones  specific  for  the 
HER-2/neu  HLA-A2  binding  peptide,  p369-377.  As  an 
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example,  in  one  patient,  a  total  of  21  p369-377  clones  were 
generated.  With  the  exception  of  two  clones,  all  clones  were 
CD3+  [22].  Eleven  of  the  clones  were  CD8+/CD4-.  Nine  of 
the  clones  were  CD4+/CD8-,  despite  being  specific  for  an 
HLA-A2  binding  peptide.  The  remaining  five  clones  con¬ 
tained  varying  levels  of  both  CD4+  and  CD8+.  The  majority 
(19/21)  of  clones  expressed  the  Ot/p  T-cell  receptor  but  inter¬ 
estingly,  two  clones  expressed  the  y/8  T-cell  receptor  [23].  Sev¬ 
eral  of  these  clones  could  be  induced  to  secrete  IFN-y  in 
response  to  p369-377  peptide  stimulation.  Several  clones 
were  able  to  lyse  HLA-A2-transfected  HER-2/neu-overex- 
pressing  tumour  cells,  including  the  y/5  TCR  expressing 
clones.  Similarly,  Reddish  and  colleagues  demonstrated  that 
breast  cancer  patients  can  generate  MHC  class  I-restricted 
CTL  against  MUC-1 -expressing  adenocarcinomas  following 
vaccination  with  a  MUC-1  helper  peptide  [24],  Investigations 
such  as  these  demonstrate  that  ex  vivo  expansion  and  charac¬ 
terisation  of  cancer  specific  T-cells  is  facilitated  by  vaccination 
and  that  the  responses  elicited  to  vaccine  can  be  diverse  and 
polyclonal. 

Several  techniques  for  ex  vivo  expansion  of  tumour-antigen 
T-cells  are  currently  being  developed  in  various  laboratories. 
Two  variables  that  can  be  manipulated  during  ex  vivo  expan¬ 
sion  are  the  antigen  and  cytokine  environments.  The  identifi¬ 
cation  of  tumour-specific  antigens,  as  well  as  the  important 
tumour-responding  T-cell  populations,  has  ushered  in  a  new 
era  of  cellular  expansion  techniques  that  can  generate  T-cell 
lines  and  clones  with  increased  antigen-specificity.  Manipulat¬ 
ing  the  cytokine  environment  also  allows  for  the  preferential 
expansion  of  T-cell  subsets  such  as  CD4+  and  CD8+  or  Thl 
and  Th2.  Antigen-specific  techniques  are  preferable  over  non¬ 
antigen-specific  techniques  due  to  the  feet  that  even  with  vac¬ 
cination,  antigen-specific  T-cell  precursors  may  not  be  at  suf¬ 
ficient  levels  to  expand  preferentially  during  stimulation  with 
non-specific  activation  such  as  with  anti-CD3/anti-CD28 
beads  or  bacterial  products  such  as  SEA.  This  is  evident  from 
previous  studies  demonstrating  that  expansion  of  tumour- 
infiltrating  T-cells  with  non-specific  methods  does  not  pro¬ 
mote  expansion  of  tumour-specific  T-cells  that  are  therapeutic 
in  vivo  [1647].  These  methods  may  activate  all  T-cells  to  a  sim¬ 
ilar  degree  and  may  result  in  the  expansion  of  non-specific 
bystander  T-cells,  immunosuppressive  T-cells,  or  tolerated, 
non-functional  T-cells,  Methods  are  now  being  established 
allowing  for  selective  expansion  of  specific  T-cell  subsets. 

Adoptive  T-cell  therapy  strategies  have  largely  focused  on 
the  ex  vivo  generation  of  CTL  due  to  observations  that  most 
tumours  express  MHC  class  I  but  not  MHC  class  II  and  that 
CTL  can  mediate  tumour  regression  in  mice.  Studies  demon¬ 
strating  the  weak  persistence  of  transferred  CTL  have  led  to 
investigations  on  how  to  extend  their  lifespans.  Recent  evi¬ 
dence  from  our  laboratory  suggests  that  simultaneous  genera¬ 
tion  of  tumour  antigen-specific  CD4+  Th  cells  could  prolong 
the  life  of  CTL  in  vivo  [21],  The  authors  observed  that  >  60% 
of  patients  immunised  with  HER-2/neu  helper  epitopes,  each 
containing  an  encompassed  HLA-A2  epitope,  were  able  to 


develop  HER-2/neu  specific  CD8+  T-cell  immunity.  The 
CD8+  T-cell  response  was  maintained,  in  some  patients,  for 
at  least  one  year  following  vaccination.  In  contrast,  2/5  (40%) 
patients  immunised  with  a  single  HER-2/neu  HLA-A2  9-mer 
peptide,  p369-377  (E75)  developed  HER-2/neu  CDS  T-cell 
immunity  that  declined  to  undetectable  levels  within 
5  months  of  the  last  vaccination  (Knutson  &  Disk,  unpub¬ 
lished  observations).  These  data  are  consistent  with  findings 
in  murine  viral  models  where  persistence  of  CD8+  T-cells  is 
critically  dependent  on  concurrent  CD4+  T-cell  immunity 
[25].  For  example,  in  the  murine  LCMV  model  of  viral  immu¬ 
nity,  loss  of  CD4  T-cell  help  results  in  impaired  memory 
phase  CTL  responses  leading  to  the  inability  of  the  mice  to 
permanendy  control  infection  [26-28].  Moreover,  CD4+  T-cells 
may  also  possess  direct  and  indirect  killing  properties  [29]. 
CD4+  T-cells  encountering  tumour  directly  or  indirectly 
through  dendritic  cell  (DC)  cross-presentation  can  release  a 
wide  variety  of  cytokines,  such  as  TNF-related  apoptosis- 
inducing  ligand  (TRAIL),  which  can  activate  apoptotic  path¬ 
ways  in  tumour  cells  [3031]. 

The  ex  vivo  expansion  of  tumour  antigen-specific  CD4+  T- 
cells  has  been  impeded  by  the  lack  of  defined  MHC  class  II- 
restricted  tumour  antigen  peptides  and  the  appropriate 
cytokine  environment  optimal  for  the  generation  of  CD4+  T- 
cells  capable  of  eliciting  an  inflammatory  or  Thl  type 
response.  The  authors  had  previously  identified  several  MHC 
class  II  peptides,  derived  from  HER-2/neu  [32].  It  was  deter¬ 
mined  which  of  these  peptides  were  relevant  immunogens 
based  on  their  ability  to  induce  T-cells  that  recognised  natu¬ 
rally  processed  HER-2/neu  protein  antigens  in  breast,  ovarian 
and  lung  cancer  patients  [33].  Thus,  with  the  identification  of 
relevant  MHC  class  II  antigens,  an  important  objective  was  to 
define  the  appropriate  cytokine  environment  that  preferen¬ 
tially  promotes  the  expansion  of  HER-2/neu-specific  CD4+ 
T-cells  with  a  Thl  type  profile,  a  phenotype  important  to  the 
development  of  a  cell-mediated  immune  response  at  the 
tumour  site.  Thl  cells  could  be  efficiendy  cultured  by  the 
inclusion  of  IL-12  along  with  peptide  and  IL-2  during  cul¬ 
ture.  IL-12  is  a  heterodimeric  cytokine,  produced  by  B-cells, 
macrophages  and  professional  antigen  presenting  cells  (APC), 
that  has  multiple  effects  on  CD8  T-cell  function  when  added 
together  with  low-dose  IL-2  [34-39],  As  a  model  MHC  class  II 
antigen,  the  authors  chose  p776- 790  derived  from  the  intrac¬ 
ellular  domain  of  HER-2/neu.  The  majority  of  patients 
immunised  with  this  peptide  developed  immunity  to  HER-2/ 
neu  protein.  Furthermore,  this  epitope  was  commonly  associ¬ 
ated  with  epitope  spreading  suggesting  natural  presentation 
[40].  While  immunity  to  p776-790  could  be  readily  measured 
in  short-term  cultures,  cell  lines  generated  by  in  vitro  stimula¬ 
tion  with  peptide  and  IL-2  as  the  only  added  cytokine 
resulted  in  no  antigen-specific  expansion.  The  inclusion  of 
IL-12,  along  with  IL-2,  restored  antigen-specific  responsive¬ 
ness  in  a  dose-dependent  fashion  [4i],  The  resulting  p 776- 
790-specific  T-cells  responded  readily  to  antigen  by  proliferat¬ 
ing  and  producing  Type  I  cytokines  (IFN-y  and  TNF-tx).  The 


4 


Expert  Opin,  Biol.  Thee  (2002)  2(1) 


Knutson,  Aimand,  Mankoff,  Schiffman  &  DIsis 


increased  proliferative  response  of  the  cultures  was  due  in  part 
to  an  increase  in  the  number  of  HER-2/neu-specific  T-cells  as 
assessed  directly  by  ELIspot  analysis.  Inclusion  of  IL-12  into 
the  cultures  also  resulted  in  a  significant  decrease  of  non-spe¬ 
cific  cellular  proliferation.  These  results  suggest  that  IL-12  is 
an  important  cytokine  for  ex  vivo  recovery  and  maintenance 
of  antigen-specific  CD4+  T-lymphocytes  that  would  other¬ 
wise  be  lost  by  using  IL-2  as  the  only  cytokine, 

IL-7  has  shown  promise  for  the  expansion  of  CTL  under 
certain  ex  vivo  conditions.  IL-7  is  a  stromal  cell-derived 
cytokine  and  is  associated  with  the  early  development  of  lym¬ 
phoid  cells.  IL-7  activates  the  proliferation  of  naive  T-cells 
and  has  been  implicated  as  a  key  cytokine  in  maintaining 
homeostatic  proliferation  in  vivo  [42].  Recent  findings  suggest 
that  the  addition  of  IL-7  to  cultures  can  promote  preferential 
expansion  of  antigen-specific  T-cells  [43].  TIL  derived  from 
follicular  lymphoma  (FL)  typically  lack  tumour-specific  activ¬ 
ity  which  is  not  recovered  by  culturing  cells  with  FL  along 
with  IL-2,  However,  when  TIL  are  preactivated  through 
CD40  followed  by  exposure  to  FL  they  can  be  further 
expanded  by  inclusion  of  IL-7  along  with  IL-2,  The  expanded 
T-cells  have  greatly  enhanced  FL-specific  CTL  activity.  The 
effects  of  IL-7  appear  however  to  depend  on  the  ex  vivo 
expansion  environment.  In  the  lab  the  authors  have  found 
that  when  IL-7  is  included  along  with  an  influenza  matrix 
peptide  and  IL-2,  peptide-specific  lysis  is  reduced  by  25  - 
30%  compared  to  cells  cultured  with  peptide  and  IL-2  alone 
(Knutson,  unpublished  observations).  The  background,  non¬ 
specific  lysis  was  also  increased  3-fold,  This  lack  of  effect  of 
induction  of  peptide-specific  responses  may  not  be  translata¬ 
ble  to  other  peptide  systems.  For  example,  Tsai  and  colleagues 
have  found  that  IL-7  potentiated  the  ability  of  peptide-pulsed 
DC  to  generate  CTL  responses  against  viral  and  tumour 
epitopes  [44].  These  discrepancies  In  outcome  clearly  point  to 
the  need  to  optimise  the  use  of  cytokines  in  preciinical  studies 
prior  to  clinical  trials. 

Recent  studies  with  IL-15  demonstrate  that  this  cytokine 
can  have  important  effects  on  ex  vivo  expansion  of  peptide- 
and  protein-specific  T-cells.  IL-15  Is  structurally  similar  to 
IL-2  and  their  receptors  share  the  IL-2RJ1  and  IL-2y  chains 
[45],  The  IL-2Ra  (CD25)  and  IL-15Rtx  chains  confer  specifi¬ 
city,  Like  IL-2,  IL-15  is  a  pleiotropic  cytokine  and  Induces 
proliferation  and  functional  changes  of  multiple  haematopoi¬ 
etic  cells  including  apT-cells,  yST-cells,  DC  and  NK  cells  [46]. 
IL-2  predisposes  T-cells  to  undergo  activation-induced  cell 
death  (AICD)  and  IL-15  promotes  the  generation  of  memory 
CD8+  T-cells  [47],  The  death-inducing  effects  of  IL-2  are  par¬ 
ticularly  important  for  the  expansion  of  CD4+  T-cells  which 
are  extremely  sensitive  to  IL-2  following  antigen  stimula¬ 
tion.  IL-2  and  IL-15  also  can  change  the  homing  capabilities 
of  cultured  CD 8+  T-cells  [48],  Antigen-primed  murine  CD  8+ 
T-cells  cultured  in  IL-15  but  not  IL-2,  preferentially  home  to 
lymphoid  tissue  such  as  spleen  and  lymph  nodes,  while  IL-2 
cultured  CD8+  T-cells  home  to  sites  of  inflammation  but  not 
lymphoid  tissue,  IL-15  cultured  cells  home  to  sites  of  inflam¬ 


mation  to  a  lesser  extent  but  mediate  a  robust  antigen  recall 
response.  Currendy  it  Is  unknown  If  these  findings  can  be 
extrapolated  to  human  T-cells  but  could  have  important 
implications  in  designing  expansion  conditions  to  generate  T- 
cells  capable  of  targeting  lymph  node  disease.  Pharmacologi¬ 
cal  generation  of  an  inflammatory  response  with  anti-apop- 
totic  agents  may  be  considered  In  order  to  attract  IL-2- 
cultured  cells  to  tumour  site. 

Activation  of  T-cells  directly  through  CD40  or  indirecdy 
using  trimeric  CD40L  also  enhances  the  expansion  of  anti¬ 
gen-specific  T-cells  [49],  CD40L  is  expressed  on  T-cells  and  is 
the  ligand  for  CD40  which  is  expressed  on  antigen-presenting 
cells,  including  DC  [50],  The  Interaction  of  CD4Q  with 
CD40L  Is  IL-2-  and  CD28-  Independent  and  results  in 
increased  proliferation  of  T-cells  as  well  as  increased  expres¬ 
sion  of  Thl  cytokines  (IFN-y,  TNF-a)  [49],  During  induction 
of  tumour-specific  Immunity,  CD40  activation  promotes 
long-term  survival  of  tumour-specific  CD 8+  T-cells  [51].  Ter- 
heyden  and  colleagues  have  recently  reported  encouraging 
results  demonstrating  the  utility  of  CD40  ligation  during 
ex  vivo  expansion  of  melanoma-specific  CD8+  T-cells  and 
CD4  T+  cells  derived  from  TIL  [52],  When  T-cells  were 
doned  from  TIL  using  oncolysate-pulsed  DC,  the  resulting 
phenotype  of  the  cdl  population  was  predominantly  CD4+ 
Th2-like  cells  demonstrating  high  IL-4  production.  The 
Inclusion  of  anti-CD40  monoclonal  antibody  (mAb)  to  ligate 
CD40  on  autologous  DC  induced  both  CD8+  and  CD4+  T- 
cells  that  were  specific  for  melanoma  antigens.  The  CTL  had 
high  lytic  activity  against  autologous  tumour  but  not  alloge¬ 
neic  tumour  nor  autologous  fibroblasts.  While  many  of  the 
CD4+  T-cell  clones  were  exdusively  Thl  (IFN-y+,  IL-4-), 
many  possessed  a  ThO  (IFN-y+,  IL-4+)  phenotype.  The  clini¬ 
cal  significance  of  these  latter  ThO  cells  are  currently 
unknown  but  newer  findings  in  murine  models  of  adoptive  T- 
cells  therapy  suggest  that  better  tumour  eradication  is 
achieved  with  both  cell-mediated  and  humoral  immunity  [53], 

DC-based  T-cell  expansion  methods  are  an  attractive 
approach  because  DC  produce  many  of  the  necessary  soluble 
activation  factors  for  ex  vivo  expansion  of  antigen-specific  T- 
cells.  Several  DC-based  strategies  are  currently  being  devel¬ 
oped  for  expansion  including  loading  DC  with  apoptotic 
tumour  cells,  tumour  antigen  peptides,  protein,  or  tumour 
cell  -derived  RNA.  DC  are  the  most  potent  antigen-presenting 
cells  of  the  immune  system  and  are  responsible  for  initiating 
and  modulating  the  Immune  response  [54],  Unlike  tumour 
cells,  DC  express  co-stimulatory  molecules  and  MHC  class  I 
and  class  II  at  high  levels,  and  only  a  small  number  of  DC  are 
required  to  activate  and  expand  tumour-specific  T-cells. 

The  frequency  of  restimulation  as  well  as  the  source  of  anti¬ 
gen  appear  to  be  important  for  determining  the  phenotype  of 
the  resulting  T-cell  population  when  using  DC-based  expan¬ 
sion.  While  repeated  weekly  stimulation  of  PBMC  with  renal 
cell  carcinoma-loaded  DC  resulted  in  a  predominant  expan¬ 
sion  of  CD4+  T-cells,  alternating  between  tumour  cell  loaded 
DC  and  Irradiated  tumour  cells  alone  resulted  in  enriched 
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CD8+  T-cells  with  potent  specificity  for  renal  cell  lines  [551. 
Preferential  expansion  of  tumour-specific  CD8+  T-cells  can  be 
accomplished  by  prior  enrichment  with  reagents  such  as  pep¬ 
tide  MHC  class  I  tetramers  [56]  before  stimulation  with 
tumour  cell-  or  antigen-pulsed  DC,  DC  can  also  be  trans¬ 
fected  with  tumour-derived  RNA  as  has  recently  been  reported 
by  Heiser  and  colleagues  for  the  ex  vivo  generation  of  polyclo¬ 
nal  T-cells  against  prostate  and  renal  cell  carcinoma  [57,58], 
Tumour  cell  or  tumour  RNA  isolation  can  be  avoided  by 
transfecting  or  transducing  DC  with  whole  tumour  antigen 
DNA,  an  approach  that  is  attractive  because  it  obviates  the 
need  to  tailor  make  peptide  antigens  specific  for  the  patients 
MHC  haplotype.  This  approach  has  been  used  by  Bushen- 
felde  and  colleagues  to  generate  CTL  and  Th  cells  specific  for 
HER-2/neu  using  a  retroviral  transduction  of  DC  [59],  DC 
were  generated  from  CD34+  stem  cells  derived  from  patients 
and  were  transduced  to  express  the  full  length  HER-2/neu. 
Patient  PBMC  were  then  stimulated  with  the  HER-2/neu- 
expressing  DC.  After  3  weekly  stimulations,  both  CTL  and 
Th  cells  could  be  individually  cloned.  The  clones  recognised 
different  regions  of  the  HER-2/neu  suggesting  the  capacity  of 
the  DC  to  express  multiple  antigenic  peptides.  An  important 
attribute  of  this  approach  is  that  the  transduced  DC  do  not 
express  high  levels  of  HER-2/neu  but  rather  moderate  to  low 
levels,  which  would  support  the  generation  of  high  affinityT- 
cells  which  would  in  turn,  be  able  to  target  tumour  cells  with 
a  broad  range  of  antigen  expression  [59], 

While  ex  vivo  expansion  techniques  can  be  optimised  to 
produce  T-cell  lines  with  improved  antigen-specificity  and 
function,  as  assessed  by  in  vitro  assays,  the  ultimate  goal  is  to 
carry  those  attributes  into  the  host  following  transfer.  The 
complex  in  vivo  environment  can  present  new  challenges  to 
the  T-cells  that  may  not  have  been  present  in  vitro .  For  exam¬ 
ple,  the  immune  microenvironment  contains  immunosup¬ 
pressive  factors  which  will  inhibit  the  growth  and  function  of 
transferred  cells.  Methods  are  being  developed  to  improve  the 
function  of  T-cells  in  vivo  and  to  overcome  these  obstacles. 

5.  Enhancing  in  vivo  function  and  longevity  of 
transferred  T-cells 


In  vivo  supplementation  with  soluble  T-cell  growth  factors 
can  promote  the  activation  and  longevity  of  adoptive  trans¬ 
ferred  T-cells.  For  example,  murine  models  of  adoptive  T-cell 
transfer  have  demonstrated  that  administration  of  IL-2  fol¬ 
lowing  adoptive  transfer  maintains  high  levels  of  precursor 
specific  for  viral  antigens  for  extended  periods  of  time  [i].  This 
is  consistent  with  studies  in  IL-2  knockout  mice  where  fre¬ 
quencies  of  transferred  ovalbumin  (OVA) -specific  CD8+  T- 
cells  declined  significantly  with  time  compared  to  the  same  T- 
cells  injected  into  normal  mice  [60].  However,  the  toxicity  of 
IL-2  in  cancer  patients  limits  its  use  and  investigations  are 
underway  to  identify  less  toxic  strategies  for  the  chronic  main¬ 
tenance  of  transferred  T-cells.  Recent  findings  suggest  that  iv. 


IL-2  alone  may  not  be  sufficient  to  extend  the  life  of  trans¬ 
ferred  melanoma-specific  CD8+  T-cell  clones,  suggesting  the 
need  for  additional  factors  [7],  Recent  findings  by  the  authors 
demonstrate  that  HER-2/neu-specific  CD8+  T-cells  can  per¬ 
sist  for  at  least  a  year  when  generated  concurrently  with  HER- 
2/neu-specific  CD4+  T-cells  suggesting  that  co-infusion  of 
antigen-specific  CD4+  T-cells  along  with  CD8+  T-cells  dur¬ 
ing  adoptive  T-cell  therapy  may  improve  CD8+  T-cell  longev¬ 
ity  [21],  Alternatively,  it  would  be  beneficial  to  identify  other 
pharmacological  means  of  improving  function  and  extending 
T-cell  life  in  vivo . 

One  candidate  receptor  for  in  vivo  modulation  of  infused 
T-cells  is  the  OX-40  receptor  (OX-40R),  OX-40R  is  a  trans¬ 
membrane  receptor  expressed  predominantly  on  activated 
CD4+  T-cells  and  is  a  member  of  the  TNF  receptor  super¬ 
family.  The  ligand  for  OX-40,  OX-40L,  is  expressed  on  acti¬ 
vated  APC  and  B -cells.  In  vivo  engagement  of  OX-40R  with 
OX-40L  during  tumour  priming  results  in  enhanced  tumour 
immunity  through  increased  activation  of  the  endogenous 
antitumour  CD4+  T-cell  response  [61,62],  These  responses 
were  observed  for  a  variety  of  murine  tumours.  Recently,  OX- 
40R  activation  using  OX-40  mAb  has  been  applied  to  adop¬ 
tive  T-cell  therapy  of  10-day  MC205  pulmonary  metastases 
and  intracranial  tumours.  In  that  study  it  was  found  that 
administration  of  OX-40R  mAh  resulted  in  the  need  for  sig¬ 
nificantly  fewer  tumour-specific  T-cells  to  cure  established 
malignancy  [63].  In  vivo  T-cell  trafficking  studies  revealed  that 
the  OX-40R  mAh  application  did  not  result  in  an  increased 
number  of  T-cells  trafficking  to  tumour  sites  suggesting  that 
OX-40R  stimulation  results  in  enhanced  function  of  tumour- 
specific  T-cells. 

Methods  of  genetic  modification  of  T-cells  to  enhance  cel¬ 
lular  function,  deliver  therapeutic  factors,  or  enhance  T-cell 
longevity  will  likely  play  a  key  role  in  the  success  of  adoptive 
T-cell  therapy  in  tumour  eradication  [64].  The  feasibility  of 
these  approaches  has  been  demonstrated  in  the  murine  mod¬ 
els,  experimental  autoimmune  encephalitis  (EAE)  and  non- 
obese  mouse  diabetes  (NOD).  It  is  clear  that  inflammatory 
Thl  CD4+  T-cells  are  pivotal  in  the  development  of  both 
EAE  and  NOD  [65,66].  Encephalitogenic  or  diabetogenic  Thl 
T-cells  can  be  genetically  modified  to  deliver  immunosuppres¬ 
sive  cytokines  which  can  limit  the  extent  of  the  disease  [67]. 
For  example,  delivery  of  IL-4  by  retrovirus-transduced 
encephalitogenic  T-cells  delays  onset  and  reduces  severity  of 
EAE  induced  by  immunisation  against  myelin  basic  protein 
[S8],  Similarly,  islet-specific  Thl  lymphocytes,  transfected  to 
express  IL-10,  prevent  adoptively-transferred  diabetes  in 
NOD  mice  [69],  These  results  demonstrate  that  tissue-specific 
T-cells  can  be  altered  genetically  to  skew  the  Thl/Th2  envi¬ 
ronment,  ultimately  changing  the  course  of  the  autoimmune 
disease.  The  genetic  alterations  of  T-cells  specific  for  cancer 
would  take  reverse  strategy.  Tumour-specific  T-cells  could  be 
manipulated  to  increase  the  Thl  type  response  at  the  site  of 
tumour  to  further  enhance  inflammation.  Target  cytokines 
for  overexpression  might  include  IFN-y,  TNF-a  and  IL-2. 
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Tumour-specific  T-cells  can  also  be  genetically  engineered 
to  control  their  in  vivo  growth  capabilities.  Since  many  human 
tumours  grow  slowly,  treatment  will  likely  require  a  sustained 
T-cell  response  to  ensure  eradication  of  all  micrometastases  as 
well  as  destruction  of  the  primary  tumour.  Transferred  T-cells, 
particularly  CTL,  are  extremely  short-lived  in  the  absence  of 
supplemental  help  and  stimulation  as  previously  discussed  [?]. 
Aimed  at  improving  the  ability  to  manipulate  the  in  vivo 
growth  of  tumour-specific  T-cells,  Evans  and  colleagues  have 
developed  a  chimeric  GM-CSF/IL-2  receptor  wrhich,  when 
transduced  into  CTL,  results  in  GM-CSF-sensitive  prolifera¬ 
tion  mediated  through  the  IL-2  signalling  mechanism  [70].  It  is 
envisioned  that  systemic  delivery  of  GM-CSF  could  be  used 
to  expand  only  transduced  T-cells  while  avoiding  the  toxicides 
associated  with  IL-2  administration.  In  addition,  the  receptor 
is  constitutively  expressed  and  subject  to  local  autocrine  acti¬ 
vation  within  the  immune  microenvironment. 

Redirecting  T-cell  antigen-specificity  is  also  possible  using 
several  different  methods.  One  method  is  to  transfect  a  TCR 
with  known  specificity  into  naive  T-cells.  As  an  example,  Cal- 
ogero  and  colleagues  transduced  Jurkat  T-cells  to  express  an 
HLA-A2-restricted  a(3-TCR  gene  specific  for  a  MAGE  3  pep¬ 
tide  [71].  The  resulting  T-cell  line  was  activated  in  response  to 
both  T2  cells  and  a  melanoma  cell  line  loaded  with  MAGE  3 
peptide.  A  limitation  of  this  technique  is  that  in  many  can¬ 
cers,  TCRs  and  antigens  are  not  adequately  defined.  However, 
in  cases  where  antigens  and  TCRs  are  known,  this  technique, 
potentially,  could  be  applied  to  naive  non-specific  T-cells  fol¬ 
lowing  inactivation  of  their  endogenous  TCR  genes. 

Another  retargeting  method  is  to  produce  signalling  recep¬ 
tors  containing  an  extracellular  antigen-specific  antibody  fused 
to  an  intracellular  domain  that  is  able  to  mediate  T-cell  activa¬ 
tion.  In  one  recent  study,  chimeric  receptors  containing  an 
extracellular  antibody  and  the  Fc  receptor  y  signalling  chain 
have  been  made  against  the  colon  cancer-associated  protein 
EGP40  [72],  This  chimeric  receptor,  GA733,  when  transduced 
into  human  T-cells  conferred  both  cytokine  production  and 
cytolytic  activity  against  EGP4G+  colon  cancer  cells.  In 
another  study,  Rossig  and  colleagues  recently  reported  the  gen¬ 
eration  of  a  T-cell  line  with  dual  recognition  for  EBV  antigens 
and  the  neuroblastoma  ganglioside  antigen,  GD2  [73].  EBV- 
specific  T-cell  lines  were  transfected  with  a  construct  contain¬ 
ing  the  TCR-^-chain  fused  to  variable  domains  of  an  anti- 
GD2  antibody.  The  resulting  cells  could  potentially  be  main¬ 
tained  in  vivo  and  in  vitro  with  autologous  EBV-infected  cells. 

In  addition  to  enhancing  T-cell  function,  immunosuppres¬ 
sion  may  need  to  be  circumvented  during  adoptive  T-cell 
therapy.  Infused  tumour-specific  T-cells,  like  endogenous 
tumour-specific  T-cells,  are  likely  targets  of  active  systemic 
immunosuppression.  Although  multiple  mechanisms  of 
immunosuppression  have  been  identified,  recent  investiga¬ 
tions  have  focused  extensively  on  T-regulatory  cells  (Tregs)  [74- 
78],  which  play  a  key  role  in  the  maintenance  of  immune  toler¬ 
ance  to  self  antigens.  Tregs  constitute  a  homogenous  popula¬ 
tion  of  CD4+  CD25+  T-cells  and  are  selected  for  in  the 


thymus  by  self  peptides  via  high  affinity  TCRs  [79].  Tregs  rep¬ 
resent  up  to  6%  of  circulating  PBMC  in  humans  [75-77].  Selec¬ 
tion  of  Tregs  represents  an  alternative  to  clonal  deletion  of  T- 
cells  with  high  affinity  TCRs  against  self  antigens.  Tregs 
directly  inhibit  the  growth  and  function  of  antigen-specificT- 
cells  by  direct  cell-to-cell  contact  £75-77],  and  recent  findings 
suggest  that  Tregs  proliferate  in  response  to  IL-2  in  the 
absence  of  TCR  stimulation.  In  addition  to  a  direct  suppres¬ 
sive  effect  on  T-cells,  Tregs  have  also  been  shown  to  down- 
modulate  the  co-stimulatory  molecules,  CD80  and  CD86,  on 
APC  [so]. 

Studies  in  murine  cancer  models  have  suggested  a  role  for 
Tregs  in  mediating  evasion  of  tumour  cells  from  immune 
destruction.  Onizuka  and  colleagues  demonstrated  that  rejec¬ 
tion  of  tumour  could  be  enhanced  against  6/8  different 
murine  tumours,  including  leukaemia,  myeloma  and  sarco¬ 
mas  by  depleting  Tregs [8 1],  In  that  study,  tumours  were 
rejected  in  mice  that  had  been  previously  treated  with  a  single 
bolus  dose  of  anti-CD25  antibody  4  days  earlier.  The  injec¬ 
tions  of  anti-CD25  antibody  resulted  in  significantly  reduced 
levels  of  circulating  CD25+  T-cells.  Similar  findings  were 
reported  by  Shimizu  and  colleagues  who  demonstrated  that 
depletion  of  CD25+  T-cells  results  in  the  endogenous  genera¬ 
tion  of  antitumour  immunity  that  is  directed  against  a  broad 
spectrum  of  tumours  [82].  These  encouraging  findings  that 
Tregs  may  play  a  key  role  in  suppressing  endogenous  murine 
antitumour  immunity  have  led  investigators  to  examine  the 
role  of  Tregs  in  mediating  evasion  of  human  tumours.  Woo 
and  colleagues  recently  reported  evidence  for  increased  levels 
of  Tregs  associated  with  both  non-small  cell  lung  cancer 
(NSCLC)  and  late-stage  ovarian  cancer  [78].  Compared  with 
autologous  peripheral  blood  T-cells,  there  was  an  increased 
number  (approximately  1.5  -  2.0-fold)  of  CD25+  CD4+  T- 
cells  associated  with  either  the  tumour-infiltrating  lym¬ 
phocytes  of  NSCLC  or  tumour-associated  lymphocytes  of 
ovarian  cancer.  The  CD25+  CD4+  T-cells  were  isolated  and 
examined  for  cytokine  release  and  found  to  secrete  an  immu¬ 
nosuppressive  cytokine,  TGF-p.  Overcoming  the  immuno¬ 
suppressive  properties  of  these  cells  by  direct  inhibition  or  by 
swamping  the  effects  of  Tregs  by  a  variety  of  mechanisms 
could  be  an  important  objective  in  designing  therapeutically 
effective  adoptive  T-cell  transfer.  In  the  same  study,  it  was  also 
observed  that  the  ovarian  cancer  patients,  but  not  the  NSCLC 
patients,  had  increased  levels  of  CD25+  CD4+  T-cells  within 
the  peripheral  blood  compartment  suggesting  that  strategies 
may  need  to  be  designed  to  neutralise  suppressor  activity  dur¬ 
ing  ex  vivo  expansion  if  using  PBMC  as  the  source  of  T-cells. 

In  addition  to  Tregs,  other  cells  of  haematopoietic  origin 
have  been  Identified  that  can  suppress  Immunity.  Defects  In 
maturation  pathways  of  dendritic  cells  lead  to  the  accumula¬ 
tion  of  immature  myeloid  cells  (ImC)  in  most  cancer  patients 
to  levels  5  times  higher  than  that  observed  in  normal  healthy 
individuals  (<  3%)  [83].  ImC,  like  Tregs,  when  added  to  cul¬ 
tures  significantly  Inhibit  antigen-specific  T-cell  proliferation. 
ImC  can  be  Induced  to  differentiate  to  mature  DC  in  the 
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presence  of  all-rm;zj-retinoic  acid  which  simultaneously 
reduces  their  ability  to  inhibit  T-cell  function.  It  appears  that 
the  accumulation  of  ImC  is  a  direct  result  of  tumour  presence 
since  surgical  removal  of  tumour  can  at  least  partially  reverse 
these  defects.  The  identification  of  suppressive  haematopoi¬ 
etic  T-cells  in  cancer  patients  is  important  and  suggests  that 
adoptive  T-cells  therapy,  as  well  as  tumour  antigen-specific 
ex  vivo  expansion,  can  be  improved  through  prior  depletion  of 
either  Tregs  or  ImC, 

6.  Applications  of  imaging  to  immunotherapy 

Recently  developed  biochemical  imaging  methods,  in  particu¬ 
lar  PET,  play  an  increasing  role  In  clinical  oncology  [84],  PET 
Imaging  may  be  helpful  in  the  development  of  adoptive 
immunotherapy,  in  particular  in  three  areas: 

*  monitoring  tumour  response  to  treatment 

*  tracking  T-cell  homing 

*  measuring  the  heterogeneity  of  antigen  expression 

The  standard  approach  to  measuring  tumour  response  is  to 
look  for  a  decrease  in  tumour  size  as  tumour  cells  die  and  the 
tumour  mass  shrinks  [85],  However,  size  changes  can  lag  cellu¬ 
lar  responses  by  weeks  to  months  and  for  cytostatic  therapies, 
tumour  size  may  not  change  at  all.  It  would  therefore  be  logi¬ 
cal  to  use  biochemical  imaging  to  look  for  evidence  of  tumour 
response  earlier  in  the  course  of  treatment.  In  this  regard,  PET 
imaging  using  ^ 8]fl uorodeoxyglucose  (FDG)  has  shown  that 
tumour  glucose  metabolism  can  decline  early  in  response  to 
successful  cytotoxic  chemotherapy,  well  In  advance  of  changes 
In  tumour  size  [86,8?].  For  immunotherapy,  because  a  local 
Immune  response  at  the  tumour  site  may  be  energy  requiring, 
it  may  be  difficult  to  evaluate  tumour  response  by  FDG  PET 
alone.  Recent  work  with  PET  tracers  of  cellular  proliferation, 
such  as  1C-11! thymidine,  has  shown  that  measuring  tumour  cel¬ 
lular  proliferation  provides  an  early  and  quantitative  estimate 
of  tumour  response  to  cytotoxic  chemotherapy  [87,88]  and  that 
the  early  changes  in  cellular  proliferation  in  response  to  ther¬ 
apy  are  larger  and  more  consistent  than  changes  In  glucose 
metabolism  [87],  The  combination  of  glucose  metabolism  and 
cellular  proliferation  measurements  using  PET,  over  the 
course  of  Immunotherapy,  will  provide  unique  Insights  into 
the  mechanisms  and  timing  of  the  immune  response  in  vivo . 

To  date,  measuring  the  response  of  tumours  to  adoptive  T- 
cell  therapy  has  been  limited  to  techniques  that  are  restricted 
in  their  ability  to  quantify  real  time  in  vivo  T-cell  trafficking 
and  homing.  Indirect  methods  of  monitoring  therapy  such  as 
limiting  dilution  assays  and  ELISPOT  can  underestimate  the 
number  of  antigen-specific  T-cells  at  the  tumour  site,  while 
more  direct  methods  such  as  tetramer  complexes  are  restricted 
to  select  MHC  molecules.  The  radiolabelling  of  T-cells  to 
allow  in  vivo  trafficking  offers  promise  in  understanding 
tumour-host  Interactions,  T-cell  expansion  and  T-cell  homing 
during  adoptive  T-cell  therapy.  In  addition  to  non-specific 
labelling  of  ex  vivo  expanded  T-cells,  molecular  imaging 


approaches  targeting  the  expression  of  specific  genes  using 
reporters  designed  to  work  with  particular  PET  tracers  [89]  may 
be  able  to  take  advantage  of  T-cell  markers  specific  for  differ¬ 
ent  T-cell  subsets  with  unique  functional  phenotypes.  Imaging 
the  homing  of  T-cells  to  tumours  and  regional  lymph  nodes 
can  provide  new  insight  into  tumour-host  interactions.  In  the 
setting  of  adoptive  T-cell  therapy,  these  methods  can  elucidate 
the  functional  interaction  of  different  T-cell  subsets  with 
tumour  cells  and  other  effector  arms  of  the  immune  system. 

One  potential  explanation  for  the  lack  of  success  with  early 
trials  of  antigen  specific  T-cell  therapy  is  the  development  of 
tumour  antigen-loss  variants.  Tumours  may  escape  recogni¬ 
tion  by  adoptively  transferred  T-cells  by  downreguiation  of 
antigens  resulting  in  a  tumour  that  can  evade  detection  and 
destruction.  Measuring  the  heterogeneity  of  antigen  expres¬ 
sion  using  radiolabelled  antibodies  may  help  identify  altera¬ 
tions  in  antigen  expression  as  a  cause  of  therapy  failure.  This 
can  be  done  using  the  single-photon  emitting  isotope  tI31Il,  as 
in  the  recendy  described  approach  which  predicted  Herceptin 
efficacy  and  cardiotoxicity  [90];  or  possibly  with  the  positron- 
emitter,  1|2^I,  to  provide  a  more  quantitative  measure  of  anti¬ 
gen  expression  than  can  be  achieved  using  l131ll  and  conven¬ 
tional  radiotracer  Imaging. 

The  application  of  PET  imaging  technology  to  measuring 
tumour  metabolism  and  proliferation,  T-cell  trafficking  and 
antigen  expression  In  adoptive  T-cell  therapy  may  yield 
insights  into  the  mechanisms  underlying  functional  adoptive 
immunotherapy  and  host-tumour  Interactions,  Such  studies 
are  currently  underway  In  the  authors  laboratory  and  others. 
Learning  more  about  the  functional  interactions  between  T- 
cells  and  tumour  cells  will  enable  the  development  of  more 
specific  and  long  lasting  responses  to  tumours  and  ultimately 
improve  the  efficacy  of  adoptive  T-cell  therapy. 

7.  Conclusion 


Evidence  from  both  mouse  experiments  and  human  clinical 
trials  suggests  that  the  most  effectiveT-cell  populations  will  be 
those  that  aim  to  reconstitute  full  T-cell  immunity  represent¬ 
ing  both  major  T-cell  subsets,  CTL  and  Th.  In  order  to  gener¬ 
ate  an  adequate  T-cell  population,  ex  vivo ,  appropriate  culture 
conditions  must  be  established  and  may  be  different  for  each 
individual  T-cell  subset  or  antigen-presentation  system.  A 
number  of  cytokines  have  been  cloned  and  produced  that  can 
have  important  effects  in  culture  when  used  with  IL-2,  Fur¬ 
thermore,  novel  methods  of  antigen-presentation  have  been 
established  to  facilitate  ex  vivo  expansion.  Recent  progress  in 
molecular  biology  has  led  to  the  development  of  more  effi¬ 
cient  methods  for  cloning,  altering  and  transfecting  T-cdis  in 
order  to  improve  important  T-cell  characteristics  such  as  anti¬ 
gen-specificity  and  in  vivo  longevity.  Finally,  the  Implementa¬ 
tion  of  in  vivo  imaging  using  PET  should  provide  a  greater 
understanding  of  those  characteristics  that  T-cells  must  pos¬ 
sess  in  order  to  effectively  home  to  and  eradicate  tumour. 
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